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Dopamine and serotonin are widely studied monoamine neurotransmitters which are heavily 
involved in many physiological functions and pathological conditions. One method used to 
investigate the normal or abnormal functioning of the monoaminergic systems is to monitor the 
extracellular dopamine and serotonin concentrations by using microdialysis followed by liquid 
chromatography (LC), the temporal resolution of which is usually low, about 5-30 minutes. 
Thus, an online microdialysis/LC system was developed with one-minute temporal resolution for 
in vivo dopamine and serotonin monitoring.  
One-minute LC separations of dopamine and serotonin were achieved by using short 
columns packed with 1.7 µm particles, working at 7-8000 psi and 70 °C. Parameters of the LC-
electrochemical detection system were optimized to achieve the best sensitivity and highest 
separation speed simultaneously under conditions where a small amount of band broadening 
occurs due to injection of a relatively large sample volume. Detection sensitivity is a function of 
void time, t0, and column diameter, dc, where optimum sensitivity is achieved at certain t0 when 
dc is chosen to fulfill the predetermined requirements of sample volume and apparent number of 
theoretical plates. To control dispersion during solute transport to and from the microdialysis 
probe, capillary tubing (75 µm inside diameter, 70 cm long) was used as probe inlet and outlet. 
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 v 
In vitro assessment based on the Taylor dispersion model showed that solute dispersion was well 
under one minute with a dispersion standard deviation of 7-12 s. In vivo monitoring of basal 
levels and fast changes of the extracellular serotonin in the striatum of freely-moving rats were 
performed. The longest monitoring lasted for 16.7 hours with one-minute temporal resolution. 
The superior temporal resolution revealed dynamic details in response to stimulation by 120 mM 
K+ and fluoxetine intake. In vivo monitoring of the dopaminergic system with one-minute 
temporal resolution was also carried out. Maximum dopamine released during a 20-minute K+ 
stimulation increased exponentially with K+ concentration from 20 to 100 mM.  Periodic 
dopamine fluctuations were observed starting at 100 mM K+. The stability and temporal 
resolution of this system enables continuous sequential experiments with fine dynamic details 
within the same animal.    
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1.0  INTRODUCTION  
1.1 METHODS FOR MONOAMINE NEUROTRANSMITTER MEASUREMENT 
Monoamine neurotransmitters, dopamine (DA), norepinephrine (NE) and serotonin (5-HT), are 
heavily involved in a variety of functions including emotion, cognition, motor activity, sleep and 
hormone secretion.1-5  Neurotransmitter synthesis, storage, release, metabolism and reuptake 
greatly influence monoaminergic signaling, the abnormal of which may cause a number of brain 
disorders, such as Parkinson’s disease, depression and drug abuse. Monitoring of the 
extracellular monoamine neurotransmitters, which directly reflects neurotransmitter release and 
uptake, is especially valuable for us to understand how the neurotransmitter dynamics is 
associated with the brain functions and disorders.  
In vivo study of the monoamine neurotransmitter system requires quantitative and 
accurate measurement with high selectivity and sensitivity, high temporal and spatial resolution 
and proper interpretations of results. Two major tools6-9 used are (1) microdialysis coupled with 
analytical techniques like high performance liquid chromatography (HPLC) or capillary 
electrophoresis (CE) using electrochemical (EC), laser-induced fluorescence or mass 
spectrometric detection and (2) fast scan cyclic voltammetry (FSCV) or amperometry using a 
carbon fiber microelectrode.  
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FSCV or amperometry using a carbon fiber microelectrode features relative fast and 
direct measurement on the time scale from s to ms.10,11 The fast measurement allows the study of 
release and uptake dynamics.12,13 It also excels in small neuron system like Drosophila Brain14 or 
where high spatial resolution is required15,16 because of the small diameter of the microelectrode. 
However, it has its own drawbacks like lack of selectivity17 and electrode fouling problem.18,19 
FSCV, the widely used technique, suffers from the length of detection time and cannot detect the 
basal concentrations.  
On the other hand, microdialysis followed by analytical techniques allows the detection 
of basal conditions and long term observations which are important for physiological and 
pharmacological study. There are two ways to couple microdialysis with analytical techniques: 
online and offline. For the offline measurements, sampling and analysis are independent 
processes which offer flexibility and versatility on method development and experiment 
implementation. But one extra step of proper sample storage is required which needs careful 
planning due to sample degradation, contamination and the feasibility of small volume handling. 
On the other hand, the online measurement is more efficient and avoids these problems. 
Furthermore, direct response from analysis results allows the synchronous behavior study.  
HPLC and CE are two frequently used techniques for monoamine detection. HPLC has 
sufficient sensitivity to quantify basal concentrations of both dopamine and serotonin in the 
extracellular space and the separation step before detection allows accurate multi-analyte 
detection.20-22 One major problem of this technique is the limited temporal resolution. The time 
intervals for sampling are typically 10-30 minutes (5-30 µL dialysate).23,24 The lack of temporal 
resolution prohibits the study of dynamic release and uptake of the extracellular 
neurotransmitters. Research towards scaling down the dialysate volume (0.5-1 μL) by using 
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small i.d. column (i. d. < 1 mm) has been developed recent years.25-28 The reduced sample 
consumption helps reduce sampling time and improve temporal resolution. Newton and Justice27 
demonstrated one-minute temporal resolution of dopamine monitoring using microdialysis-
HPLC system. But this was done offline. Storing 0.5 or 1 µL sample in a 250 µL vial and 
loading it using a 10 µL syringe is awkward and may cause sample recovery and reproducibility 
problem. Jung et al.28 also determined dopamine and serotonin with 0.5 μL dialysate sample 
consumption using capillary column coupled with photoluminescence following electron transfer 
(PFET) detection system in an offline way. To fully take advantage of this technique, online 
measurement is preferred. In fact, Wang et al. recently reported 2-s offline microdialysis 
sampling of amino acid standards and 10 s temporal resolution of offline in vivo measurements 
of six neuroactive amino acids.29 Therefore fast determination of monoamines by HPLC with 
good detection limit is the key to achieve high temporal resolution for online analysis. 
Microdialysis coupled to CE is another option for neurotransmitter determination.6,30 CE 
is popular because of its high mass sensitivity, high separation speed and the potential to achieve 
high throughput. One successful application area is the determination of amino acid 
neurotransmitters in the brain. The Kennedy group developed an on-line CE system in which 
amines were derivatized with a fluorescent tag before injected onto an electrophoresis capillary 
using a flow-gate interface with laser-induced fluorescence detection.31,32 Using this device, in 
vivo determination of dopamine in dialysate with 2 nM detection limit and 90 s temporal 
resolution has been done.32 Determination of serotonin by microdialysis/CE has been carried 
out.33-35 But none of them is comparable to or better than current HPLC techniques. The 
separation time is usually long and the concentration detection limit is usually poor. To improve 
the poor concentration sensitivity, online concentration by stacking is carried out which usually 
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takes several minutes.33 One more problem with CE technique is the irreproducible migration 
times because of the zeta potential changes caused by substance adsorption onto the capillary 
wall. Rinsing between runs is necessary to keep constant zeta potential but this extra step is a 
limitation for high speed and continuous analysis. Therefore, HPLC, instead of CE, is more 
suitable for in vivo monitoring of serotonin given the better detection sensitivity, stable 
separation condition and reproducible results. 
1.2 TEMPORAL RESOLUTION OF IN VIVO NEUROTRANSMITTER 
MONITORING BY MICRODIALYSIS  
Microdialysis sampling coupled with analytical techniques or biosensors enables the monitoring 
of monoamines, amino acids, neuropeptides and other molecules in the extracellular 
environment.36 The semipermeable membrane with a specific molecular weight cutoff at the 
microdialysis probe tip allows molecular exchange between microdialysate inside the probe and 
the surrounding environment, mostly the extracellular space in the brain and periphery. The 
rational design of dialysis probe makes microdialysis a better technique with low disturbance of 
local environment, exclusion of high-molecular-weight substances and well-predicted recovery 
compared with other in vivo sampling techniques.37-40 Quantifications of neuro-active molecules 
by microdialysis can reflect neurochemical activities in the extracellular space which helps 
understand normal and abnormal brain functions.41,42 Although microidialysis coupled with 
analytical techniques has many advantages like the merit of versatility, multiple analyte detection 
and measurements of both basal concentrations and transient changes, it does have 
disadvantages: limited temporal resolution, molecule-depleted local environment, low spatial 
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resolution and flow rate dependent molecular recovery. Many neurochemical activities in brain 
happen in a relatively short period of time (e.g. milliseconds to minutes) and in a defined small 
space (e.g. between several brain cells). In vivo experiment with accurate and precise spatial and 
temporal resolution is very important to advance the utilization of this method in the 
neuroscience study. 
Temporal resolution of mcirodialysis coupled with analytical techniques is determined by 
the sampling frequency, the analysis frequency and zone dispersion of solute during sampling 
and transport.6 The sampling frequency is set by the microdialysis flow rate and the mass 
detection limit of the analytical method. The extracted solute concentration in microdialysate is 
determined by solute diffusivity, extracellular solute concentration, probe membrane 
permeability and microdialysis flow rate. At a constant microdialysis flow rate, solute 
concentration in microdialysate is determined and the minimum collection of sample 
mass/volume, which is the best possible temporal resolution, is determined by the HPLC mass 
detection sensitivity. The minimization of column diameter synchronously reduces many 
parameters such as mobile phase flow rate and sample volume, significantly improving the mass 
detection sensitivity of a variety of detectors.30,43,44 Microdialysis sampling time for monoamine 
neurotransmitters is greatly reduced from 10 to 20 minutes to sub-minute level when switching 
from conventional HPLC to capillary/microbore HPLC. Another factor, preconcentration by on-
column focusing,45 also contributes to the improvement of the detection limit. 
Capillary/microbore HPLC has very small column volume which is comparable to the typical 
microdialysate sample size (nL to µL). Microdialysate is usually very clean because of the 
exclusion of high molecular weight substances and can be directly injected to the HPLC column 
without further sample preparation. The water-based dialysate matrix (nL to µL) has less eluting 
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strength than the mobile phase but significantly large enough volume to serve as temporary 
mobile phase which generates a phenomenon called on-column focusing, greatly improving the 
concentration detection sensitivity (further discussion in Chapter 4).  
Analysis frequency can be the limiting factor for the temporal resolution when doing 
online coupling of microdialysis sampling and dialysate analysis by analytical techniques like 
HPLC, CE or microchip. Increasing the temporal resolution for online measurements results in 
less analyte quantity in the dialysate sample and more sample collections per time,6 pushing the 
advances in speed and sensitivity of analytical techniques. When analysis frequency cannot 
match sampling frequency, local enlargement of the temporal resolution is very useful to gather 
information from the zone of interest, transient changes of neurotransmitters in response to 
stimuli. Development in valve technology allows capture of six sample fractions in the first 
dimensional flowing stream (1DLC eluent) which are injected and analyzed later in 2DLC.46 
Collecting and transiently storing a series of dialysates using this new valve technology can 
enlarge the temporal resolution for the targeting time period of sampling. The analysis of these 
samples can be done when collecting dialysate with no information (basal levels).  
1.3 ONLINE HIGH SPEED HPLC ANALYSIS  
1.3.1 Improvement of analysis speed 
Three types of dispersion contribute to the peak variance (σ2) and band broadening during a 
chromatographic run: eddy diffusion, longitudinal diffusion and resistance to mass transfer in the 
 7 
mobile phase, stationary phase and stagnant mobile phase. The van Deemter equation47,48 is used 
to quantify the effect of these factors: 
 

C
B
Ah   (1) 
Where h is the reduce form of the height equivalent to a theoretical plate (HETP)  (
pd
H
h  ); v 
is the reduced form of interstitial linear velocity ue (
m
pe
D
du
 ); A, B and C are constants which 
are related to the different types of dispersion. The A, B and C terms are typically experimentally 
determined by building a van Deemter plot (h against v) for a specific solute, column and 
experiment conditions.49 A term describes eddy diffusion. It relates to the particle size, shape and 
packing quality. B term describes longitudinal diffusion and it is most important when v is small. 
C term describes the mass transfer resistance in the mobile phase, stationary phase and stagnant 
mobile phase. It dominates in the high v region. Based on the van Deetmer equation, the 
minimum HETP can be reached as BCAh 2min   at the optimum reduced velocity 
C
B
opt  . Traditional HPLC usually runs at a velocity slightly higher than optimum velocity. 
For high speed separation, the reduced linear velocity is set at a much higher value than vopt and 
C term (resistance to mass transfer) contributes the most to the band broadening process.  
1.3.1.1 Particle size and configuration 
In response to the high demand of high throughput analysis in the pharmaceutical and fine 
chemical industry, manufacturers developed and commercialized short columns packed with 
very fine particles which features superior separation speed and efficiency. The use of sub-2 µm 
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particles reduces eddy diffusion and mass transfer resistance which improves the column 
efficiency when working at high linear velocity. Therefore, short column packed with sub-2 µm 
particles offers faster separations, keeping equivalent separation power/column efficiency.50 
Besides particle diameter, the particle configuration is also a key factor in terms of separation 
speed and efficiency. The design of nonporous particles eliminates the stagnant mobile phase in 
the intraparticle void volume. Small C term (no mass transfer resistance in the stagnant mobile 
phase) helps improve the column efficiency for high speed separations.51 The downside of 
nonporous particles is the small sample loading capacity and retention due to a low surface area. 
Fused core particles52,53 consist of a thin porous shell and a solid core. The thin layer of shell 
shortens the diffusion distance of solutes in the pores and exhibits better mass transfer kinetics at 
high velocities. Also the existence of porous layer ensures a sufficient amount of stationary 
phase and adequate sample loading capacity and retention time. The minimum HETP of 
commercial 2.7 µm HALO Fused-Core C 18 particles is as low as 3.4 µm which is comparable 
to the sub-2 µm fully porous particles.52 Remarkably, their relatively larger permeability and 
reduced heat friction effect permits very fast separation using conventional HPLC pump, 
providing column efficiency compared to sub-2 µm particles.54 Monolithic columns,55 as an 
alternative to particle-packed column, employ a continuous porous column bed, featuring a 
bimodal pore size distribution of large through pores and mesopores which permits separations 
done at high flow rates and low pressures without losing column efficiency. Monolithic columns 
can be categorized into two types: silica monoliths and polymeric monoliths. Silica monoliths56 
are well-characterized and studied even though there are only a few choices of pore size and 
surface chemistry. Their high permeability and slow decrease of column efficiency at high flow 
rate makes them a strong competitor of conventional RPLC columns.57 Polymeric monoliths are 
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intensively studied by many researchers.58 A lot of columns with different pore size and surface 
chemistry emerged to separate a variety of samples, with an intensive focus on separations of 
biological samples.59 However, that the batch to batch reproducibility of polymeric monoliths is 
not very consistent, together with the massive column choices, are the obstacles for 
commercialization. 
1.3.1.2 Ultrahigh pressure liquid chromatography  
The use of very fine particles to achieve high separation power was predicted as early as 1969 by 
Knox and Saleem.60 However, the development was slow, limited by the column manufacture 
and instrument design. In 1997, Jorgenson group61 first demonstrated the use of ultrahigh 
pressure (pressure as high as 60,000 psi) for efficient capillary column packing and 
chromatographic separations. Columns packed with 1.5 µm nonporous particles generate 
300,000 theoretical plates. The first commercialized fully porous particle column, 1.8 µm Zorbax 
Rx by Agilent Technologies, was successfully introduced in early 2005 and followed by the 
introduction of Acquity UHPLC system from Waters.41 It is quite a challenge to take fully 
advantages of the ultrahigh separation power generated by using sub-2 µm particles and 
ultrahigh operational pressure when using conventional HPLC columns. UHPLC using 
traditional 4.6-mm diameter column generates significant heat (24 W at a flow rate of 2 mL/min) 
which can’t be completely dissipated.36 The accumulated heat produces temperature radial 
gradient from the column core to the column wall which further caused radical gradient in 
mobile phase velocity and solute retention, leading to band broadening and loss of column 
efficiency. It is important to decrease the column diameter to 2.1 mm and 1.0 mm in commercial 
UHPLC system and employ capillary columns working at extremely high pressures. The high 
separation power from UHPLC system produces peaks with extremely narrow peak width in 
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volume and time. It is critical to avoid peak deterioration caused by relatively large extra-column 
broadening and slow data acquisition.  
1.3.1.3 High temperature liquid chromatography 
High column temperature has been an important factor for improving separation speed and 
column efficiency.62-64 The low viscosity, η, of high temperature mobile phase will allow the use 
of higher flow rate for a given pressure and reduce the separation time. The high diffusion 
coefficient at high temperature will improve mass transfer of a solute and reduce band 
broadening at high flow rates. However, the development of high temperature liquid 
chromatography (HTLC) has been limited before 2000 because of three major hindrances: 
stationary phase stability, temperature mismatch65 between the incoming mobile phase and the 
column, and analyte degradation66 at high temperature. Novel stationary phases67 with high 
thermal stability have been developed which can operate at or greater than 100 ⁰C such as some 
silica or zirconia-based columns and porous graphitic carbon columns. Temperature difference 
larger than 5 ⁰C between the incoming mobile phase and the column will cause column 
efficiency loss and peak splitting which is mostly due to a radial retention factor gradient instead 
of a radial viscosity gradient.65 This could be reduced by pre-heating the mobile phase and using 
small diameter columns. It is demonstrated that most substances are stable enough during the 
separation time for high speed separations where the time is so short that very little degradation 
is observed.68 Improved separation speed and efficiency was observed by using conventional,69 
narrow bore68,70 and capillary columns71 at high temperature. Eventually, the use of small 
diameter particles, high pressure and high temperature conditions will enhance the separation 
speed and column efficiency.72-74 
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1.3.2 Optimization of online microdialysis coupled with HPLC 
Online microdialysis sampling is beneficial for continuous analysis with high temporal 
resolution/sample collection frequency. It also makes the study of neurochemistry and related 
animal behavior more direct and efficient. When coupled to analytical techniques like HPLC, 
several aspects need to be considered during the online integration of the sampling and analysis 
process. To avoid loss of biological information, all or most of the dialysate collected should be 
transferred to and analyzed by HPLC. HPLC analysis time should be equal to or smaller than the 
sampling time. When doing online microdialysis coupled with capillary HPLC, the sampling 
frequency is in the sub-minute level. Therefore, superior separation speed and detection 
sensitivity are very critical to the online analysis of dopamine and serotonin from the 
microdialysate matrix. One other major limitation may come from the solute zone dispersion 
during sampling and transport from the sampling site to the HPLC analysis system especially for 
experiments with freely-moving animals where long connection tubing is needed. We need to 
make sure that solute dispersion in time is much smaller than the sampling and analysis time. 
Solute dispersion increases with larger connection tubing i.d. and longer tubing length. Selection 
of tubing i.d. and length is a compromise between solute dispersion, pressure drop across the 
tubing and practical space between sampling site and analysis site. Another way to diminish 
solute dispersion during transport is to use segmented flow.31,32,75 Oil phase is introduced and 
separates the microdialysates into each individual sample plug. There is no solute dispersion 
between dialysate sample plugs and the temporal resolution is defined by the sampling time of 
each sample plug. This method is very suitable when coupling with CE. 
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2.0  HIGH SPEED ANALYSIS OF NEUROTRANSMITTER SEROTONIN  
2.1 HPLC INSTRUMENTATION 
Capillary HPLC has superior mass sensitivity with small sample consumption which is ideal for 
high temporal resolution microdialysis sampling. Not like working with commercial HPLC 
instrument which comes as a whole package, we needs to customize different parts of our 
capillary HPLC system. It needs extra work but it does provide design flexibility and 
individuality for different applications. To achieve high temporal resolution online analysis of 
trace level neurotransmitters in microdialysate, the design of our capillary HPLC system focuses 
on separation speed, and detector sensitivity and selectivity. 
2.1.1 Two factors for high speed HPLC: elevated column temperature and ultrahigh 
pressure drop  
Two key features of high speed separations are elevated column temperature and ultrahigh 
pressure drop. If we assume that the retention factor of the last eluting solute is predetermined as 
kl’, then the separation time is t0(1+kl’).  If the void volume of the system is fixed, the void time 
t0 is inversely proportional to the flow rate which means higher flow rate leads to smaller t0 and 
faster separation. Both pressure and temperature can regulate the mobile phase flow rate. Eq. 2 
indicates that mobile phase linear velocity u is proportional to the pressure drop P which means 
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high pressure generates high linear velocity and small t0 when other parameters stay constant. 
Eq. 3 shows that the viscosity η of the mobile phase is temperature dependent. Increased 
temperature can reduce mobile phase viscosity, leading to higher linear velocity and smaller t0 at 
constant pressure based on Eq. 2. 
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A UHPLC pump, providing high precision flow rate in the range of nanoliter to 
microliter per minute, is highly desired for our capillary HPLC system in order to generate 
ultrahigh pressure drop. The NanoLC Ultra pump (Model nanoLC-Ultra 1D, Eksigent, Dublin, 
CA) with a maximum pressure of 10,000 psi and working flow rate range of 0.1 to 20 µL/min 
fulfilled the requirements.  
In general, commercial HPLC system uses auto-sampler and connection tubing between 
the auto-sampler and the analytical column. But for our capillary HPLC system, the capillary 
column directly connected to the injection valve which loaded and injected samples to the 
column. This design reduced the extra-column broadening from the sample injection and 
minimized solvent dispersion between the mobile phase and the sample solvent. This was very 
important for our system since we took advantages of the eluting strength difference between the 
mobile phase and the sample solvent in order to concentrate a large volume of sample at the front 
of the column (see Chapter 3 for preconcentration by on-column focusing). The direct 
connection between injection valve and column avoided mixing at the interface between the 
sample solvent and the mobile phase while it increased the complexity of the design of the 
heating assemblies for the column. We needed to heat both the capillary column and the injection 
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valve to the same temperature since part of the column was inside the fittings in the injection 
valve. Two homemade heating assemblies were made to control the temperature of the injector 
and the capillary column. Two proportional-integral-derivative (PID) controllers (Model 
CT15122, Minco Products, inc., Minneapolis, MN) drove Kapton polyimide heat film (Minco 
Products, inc., Minneapolis, MN) to heat the column and injector separately. For the capillary 
column, the heat film covered the surface of an aluminum cylinder with insulation which 
transferred the heat to the capillary column. A temperature sensor inside the aluminum block 
monitored the heating power. For the injector, a standoff assembly was used to insulate the 
actuator from the valve which was covered by the heat film with insulation so the electronic part 
of the injector was not heated. Temperature sensor was set on the valve center. The precision of 
temperature control was about 0.1 °C in the range from room temperature to 100 °C.  
We systematically studied the change of t0 at different pressures and temperatures of our 
system. In Figure 1, the green line shows the ratio of t0 at different temperatures and t0 at room 
temperature (constant pressure); the blue line shows the ratio of t0 at different pressures and t0 at 
3000 psi (constant temperature). Both indicted that void time t0 was reduced significantly by 
using either high pressure or high temperature. The star point is at the condition of 80 ⁰C and 
9000 psi and the void time t0 was reduced about 8 times compared to that at room temperature 
and 3000 psi. Therefore, high pressure and high temperature are efficient tools to achieve high 
speed separation.    
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Figure 1. Void time t0 at different working pressures and temperatures 
2.1.2 Comparison of PFET and electrochemical detectors  
To achieve fast analysis of neurotransmitters like serotonin and dopamine which was in sub-nM 
to nM level in complex biological sample, the detector of the capillary HPLC system should 
have good selectivity and sensitivity. To work with fast separation using capillary column, small 
void volume and low backpressure were also two key requirements for the detector. 
Two types of detectors were used during method development. Initially, PFET detection 
system was used which was developed in our group and had high selectivity of electrochemical 
detection without electrode fouling problem.76,77 The postcolumn reaction in the PFET system 
was the homogeneous oxidation of serotonin by [Os(bpy)3]
3+ in the mixer. While it provided 
good selectivity and sensitivity, it did have disadvantages. As we increased the flow rate, the 
detection sensitivity decreased. This was due to incomplete postcolumn reactions at higher flow 
rate. We further studied the peak area at different flow rates and found that peak area decreased 
with flow rate increased at certain mixing length (Figure 2). Whether the postcolumn reaction 
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was complete or not was determined by the solute residence time in the mixer before detection. 
As we increased the flow rate, the residence time decreased and so did the peak area and the 
detection limit.  
 
Figure 2. Peak are of serotonin at different mobile phase flow rates 
 
To maintain the detection limit, we cannot simply increase the mixing length so that the 
residence time stayed the same as we increased the flow rate because the increase of the 
extracolumn dead volume resulted in column efficiency loss.  Previous theoretical study78 in our 
lab shows that for fast separation the optimized postcolumn mixer should be long and narrow in 
order to minimize efficiency loss. But this steals the available pressure from the column. In 
addition, the fabrication and operation are more difficult and the whole method is less robust. 
Electrochemical detector is one major detector for the detection of monoamine neurotransmitters. 
Electrochemical detection in a flow cell with small void volume is suitable for capillary HPLC.79 
The small dead volume of the detector minimizes the extra-column band spreading. Since the 
detector works in a flow cell, the mobile phase constantly renews the electrode surface and the 
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high flow rate actually benefits the signal. So we used electrochemical detector for fast 
separation after the initial attempt of PFET detector.  
2.2 CHROMATOGRAPHIC CONDITIONS TOWARDS HIGH SPEED ANALYSIS  
High speed separations are effective only when the resolving power of the system is sufficient 
which is evaluated by the peak resolution of the critical peak pair. For two peaks with similar 
retention like the critical peak pair, the peak resolution R is determined by the plate number N, 
the retention factor k’ and selectivity α. We evaluate how different packing materials/stationary 
phase, mobile phase and temperature affect peak resolution/separation efficiency by regulating 
retention, selectivity and column efficiency/plate number. 
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2.2.1 Evaluation of column packing materials for high speed separations 
The properties of the packing materials of HPLC column such as particle diameter, stationary 
phase chemistry and particle sources can affect the separation performance. Columns packed 
with smaller diameter particles generate more plate number N because of the smaller eddy 
diffusion and mass transfer resistance. Stationary phase hydrophobicity and stationary phase 
density affect the retention factor of a solute. Stationary phases with high hydrophobicity and 
high density retain solutes longer. Also packing materials from different companies may have 
different performances due to different stationary phase densities, pore sizes and end cap 
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techniques. The five reversed-phase packing materials we evaluated were 2.6 μm XTerra MS C 
18 (Waters), 2.7 μm HALO Fused-Core C 18 (Advanced Materials Technology), 1.7 μm BEH C 
18, C 8, and Shield RP 18 particles (Waters). 
1.7 μm BEH Shield RP 18 particles showed completely different behaviors from the 
other four packing materials. After optimization, separation in one minute was achieved at 35 °C 
and with a flow rate of 2.4 μL/min (Figure 3). However, it is found that the critical peak pair 5-
HT and 3-MT was not well resolved at higher temperature. At 50 °C, the 5-HT and 3-MT peaks 
completely overlapped with each other. 5-HT and 3-MT were not completely separated at 
temperature as high as 80 °C. This limited the use of higher temperature which was a key factor 
to promote separation speed. Therefore, 1.7 μm BEH Shield RP 18 particles were not suitable for 
faster separations.  
 
Figure 3. Chromatogram of a standard sample from the BEH Shield RP 18 column 
Sample includes DOPAC, 5HIAA, DA, 5-HT, 3-MT, each at 100 nM. Injection volume: 500 nL. Column: 100-μ-
i.d., 5.0-cm-length capillary column packed with BEH Shield RP 18 particles. Mobile phase: 100 mM sodium 
acetate, 0.15 mM disodium EDTA, 18.0 mM sodium 1-octanesulfonate (SOS), pH=4.0, mixed with 14% (v/v) 
acetonitrile. Flow rate: 2.4 μL/min. Column temperature: 35 °C. PFET detection.  
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The chromatographic behaviors of the other four packing materials were quite similar. 
The separation performance was investigated at high pressure and high temperature conditions. 
Around 1-min separation was achieved after rough optimization of mobile phase, temperature 
and flow rate (Figure 4, Table 1).  
 
Table 1. Experiment conditions for the columns packed with different packing materials 
 1.7 µm, BEH C18 1.7 µm, BEH C8 2.6 µm, XTerra 2.7 µm, HALO 
T (°C) 70 70 75 70 
Flow rate (µL/min) 4.0 4.0 5.5 5.5 
Column length (cm) 4.9 5.0 7.6 7.6 
Pressure (psi) 7249 7581 8300 7545 
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Figure 4. Chromatograms of standard samples from four different columns 
Sample includes DOPAC, HIAA, HVA, (1) DA, (2) 5-HT, (3) N-Me-5-HT, (4) 3-MT, each at 100 nM. Injection 
volume: 500 nL. The separation conditions are described below. Column: (a) BEH C18, (b) BEH C8, (c) XTerra and 
(d) HALO. Mobile phase: 100 mM sodium acetate, 0.15 mM disodium EDTA, 10.0 mM SOS, pH=4, mixed with 
4% (v/v) acetonitrile. Electrochemical detection.   
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Column efficiency and detection sensitivity were investigated for the four packing 
materials (Table 2). Large sample volumes (500 nL) were injected in order to gain sufficient 
detection sensitivity. The detection sensitivity of columns packed with 1.7 µm BEH C 18 and C 
8 particles was better than the other two. Due to the large sample volume loading and insufficient 
on-column focusing (see Chapter 3 for detail) of the solutes, the column efficiency was 
unusually low for all the packing materials. The 2.7 μm HALO particles gave the lowest plate 
number. The 5-HT, N-Me-5-HT and 3-MT peaks overlapped with each other (Figure 4 d). The 
column efficiency of the HALO fused core particles was worst probably because of the low 
sample volume capacity compared to fully porous particles. The 2.7 μm HALO particles have a 
1.7 μm diameter solid silica core with a 0.5 μm diameter porous shell. This unique structure 
allows faster mass transfer and offers better column efficiency especially at high flow rate.52,53 
But the structure of HALO particles also results in small sample volume capacity and severe 
sample overloading in the case of 500 nL injection. 1.7 μm BEH C 8 particles also showed much 
lower column efficiency than 1.7 μm BEH C 18 and 2.6 µm XTerra particles. The C 8 stationary 
phase has shorter hydrocarbon chain. Its ability to sorb ion pair reagent and interact with solutes 
is weaker compared to C 18 stationary phase. Therefore the sample capacity was not as good as 
C 18 stationary phase which caused more column efficiency loss. Since we pursue both high 
sensitivity and fast separation with acceptable column efficiency, columns packed with the 1.7 
μm BEH C18 particles are an excellent choice from both detection sensitivity and column 
efficiency aspects.  
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Table 2. Evaluation of the performance of the columns packed with different packing materials 
 1.7 µm, BEH C18 1.7 µm, BEH C8 2.6 µm, XTerra 2.7 µm, HALO 
Sensitivity (nA) 2.35 2.87 1.72 1.57 
t5-HT (s) 51.5 44.9 51.7 39.9 
W1/2, t (s) 2.1 2.8 2.1 3.5 
W1/2, v (µL) 0.14 0.19 0.19 0.32 
N 2432 988 2687 537 
H (µm) 20 51 28 112 
 
 
2.2.2 Regulation of retention and selectivity 
2.2.2.1 Mobile phase optimization 
Mobile phase composition was regulated by adjusting the concentration of sodium 1-
octanesulfonate (SOS) and organic modifier percentage. DA, 5-HT and 3-MT are cationic 
molecules in acidic mobile phase while DOPAC, HVA and 5HIAA are partially negative 
charged. SOS is an ion pair reagent for ion pair reverse phase HPLC. It increases the retention of 
cations and decreases the retention of anions by electrostatic interaction. During the optimization 
process, we found that the concentration of SOS could regulate the selectivity of 5-HT and 5-
HIAA but had no influence on selectivity of 5-HT and 3-MT (Table 3). SOS adsorbs on the 
stationary phase and creates a surface potential ψ.80 The value of ψ is altered with SOS 
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concentration. The selectivity of solutes is determined by Eq. 5 in the ion pair reverse phase 
HPLC mode. 
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In the equation, αi,j is the selectivity of solute i and j, ki and kj are the retention factor of 
solute i and j, ',
o
chiG and 
'
,
o
chjG  are the free energies from non-Coulombic type of interaction, Zi 
and Zi are the charges of solute i and j. In acidic mobile phase, 5-HT and 3-MT are fully 
positively charged so that Zi equals Zj and the right term is zero. Therefore the selectivity of 5-
HT and 3-MT is independent of surface potential ψ and SOS concentration. On the other hand, 
the charge difference between 5-HT and 5-HIAA is larger than zero. Therefore, the selectivity of 
5-HT and 5-HIAA are SOS concentration dependent.  
 
Table 3. Selectivity of two peak pairs at differen SOS concentration 
SOS (mM) 5-HT,5-HIAA 5-HT,3-MT 
12 2.6 1.3 
15 2.7 1.3 
20 4.4 1.3 
 
2.2.2.2 Temperature optimization 
During HPLC method development, the order of resolution optimization would be retention, 
selectivity and then column efficiency. Among the three parameters, selectivity α is the most 
effective one to regulate peak resolution. Modulation of selectivity by adjusting mobile phase 
and stationary phase is the most common way for chromatographers to achieve sufficient peak 
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resolution. Another efficient tool to change selectivity is temperature. The temperature effect on 
retention and selectivity can be explained using the van’t Hoff equation.  
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where △H and △S are the enthalpy change and entropy change associated with the solute transfer 
from the mobile phase to the stationary phase, β is the volume phase ratio. If enthalpy changes of 
two solutes are different, the selectivity of the two solutes could be regulated by temperature 
optimization. In a review article, Dolan81 emphasized the importance of temperature effect on 
selectivity in reverse phase HPLC and pointed out that temperature regulation is a strong 
complementary tool to mobile phase optimization.  
Retention and selectivity of the solutes are influenced by the column temperature.81-83 
The temperature effect on retention is mainly determined by the enthalpy term (ΔH) in the van’t 
Hoff equation (Eq. 6). Most molecules have negative phase transfer enthalpies. This means 
retention factors decrease with increasing temperatures. The magnitude of ΔH determines how 
much temperature can affect retention.  
We studied the retention behavior of 5-HT, DA and 3-MT in the temperature range 
between room temperature and the highest temperature that the column can endure. Figure 5 
showed plots of lnk’ against 1/T for 5-HT, DA and 3-MT in columns packed with four different 
particles. From right to left, the retention factors decreased with increasing temperatures.  
The retention factor of an analyte is determined by the stationary phase chemistry, mobile 
phase composition, temperature and the volume phase ratio β. It also differs between different 
particle sources. From our results, the retention factors of the three solutes for BEH C 18, XTerra 
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and HALO particles were similar. On the other hand, the retention factors for BEH C 8 particles 
were relatively lower. This is because that the stationary phase of BEH C8 particles has shorter 
alkyl chain and its ability to sorb ion pair reagents and interact with solutes is weaker compared 
to C 18 stationary phase.   
    
 
Figure 5. Temperature effect on retention factors of the three solutes: (a) 5-HT, (b) DA, (c) 3-MT 
 
The date sets of lnk’ and 1/T fitted well in linear regression analysis for all the stationapy 
phases and solutes (R2 > 0.98). The average △H was calculated from the slope of linear 
regression analysis using Eq. 6 (Table 4). The phase transfer enthalpies of 5-HT, DA and 3-MT 
were similar for BEH C 18 and C 8 and XTerra columns. The phase transfer enthalpy for HALO 
particles was significantly different from the other three. The differences may result from that 
they were from different companies (Xterra and BEH from Waters). Xterra and BEH particles 
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were hybrid particles while HALO particles were not. So the microenvironment of the stationary 
phase of HALO particles was different from the other three. 
 
Table 4. Calculated phase transfer enthalpies for 5-HT, DA and 3-MT 
 ΔH5-HT (kJ/mol) ΔHDA (kJ/mol) ΔH3-MT (kJ/mol) 
BEH C18 -33.0 ± 0.5 -28.0 ± 0.6 -26.0 ± 0.6 
BEH C8 -33.1 ± 0.5 -27.4 ± 0.5 -25.9 ± 0.5 
XTerra -33.9 ± 0.5 -27.7 ± 0.5 -26.6 ± 0.6 
HALO -36.6 ± 0.7 -30.3 ± 0.9 -29.2 ± 1.0 
 
 
The importance of column temperature in controlling selectivity has been recognized 
recently. The selectivity can be expressed using the van’t Hoff equation (Eq. 7). When T = 
(△Hsolute1 - △Hsolute2)/ (△Ssolute1 - △Ssolute2), selectivity equals 1 which means that the retention of 
the two solutes are the same and the eluting peaks completely overlap with each other. Increasing 
or decreasing temperature from T = (△Hsolute1 - △Hsolute2)/ (△Ssolute1 - △Ssolute2), selectivity of the 
solute pair will be improved. The extent of temperature effect is determined by the enthalpy 
difference of the two solutes.  
Bolliet et al. reported that temperature in reverse phase HPLC has largest effect on 
selectivity of solutes which differ by size and H-bond basicity.84 We observed strong temperature 
effect on selectivity of 3-MT and 5-HT solutes. The critical solute pair 3-MT and 5-HT cannot 
be resolved at room temperature using column packed with BEH C 18 particles. Adjustement on 
detergent SOS concentration and organic modifier concentration helped very little. However, as 
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we studied the retention behavior at high temperature, we found 3-MT and 5-HT can be resolved 
at high temperature and the band spacing increased with increased temperature.  
 
Figure 6. Selectivity-temperature dependence of 3-MT and 5-HT for the four particles 
 
Figure 6 showed the selectivity of 3-MT and 5-HT (α=k3-MT’/k5-HT’) at different 
temperature. The enthalpy and entropy differences were calculated using Eq. 7 after doing linear 
regression analysis. As seen in Table 5, the △△H and △△S were both positive. This indicated the 
separation with the solute order of 5-HT and 3-MT was favored at high temperature while the 
separation with solute order of 3-MT and 5-HT was favored at low temperature. When 
T=△△H/△△S, the selectivity equaled 1 and the two peaks completely overlapped. From our 
results, we concluded that for some solute pairs like 3-MT and 5-HT, temperature optimization is 
much more effective compared to regulation of mobile phase composition. Temperature 
regulation is a complementary tool to mobile phase optimization. 
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Table 5. Calculated enthalpy and entropy difference of 3-MT and 5-HT 
 ΔH3-MT - ΔH5-HT (kJ/mol) ΔS3-MT - ΔS5-HT (J/(mol*K)) 
BEH C18 7.1 ± 0.3 24.1 ± 0.8 
BEH C8 7.2 ± 0.2 25.0 ± 0.6 
XTerra 7.3 ± 0.2 24.2 ± 0.6 
HALO 7.4 ± 0.4 25.2 ± 1.1 
 
When analyzing trace level of serotonin like basal serotonin in microdialysates, peaks 
from inpurities in aCSF may interfere with serotonin peaks. Temperature regulation is powerful 
and convenient to separate serotonin from interfering peaks based on different enthalpy changes 
ΔH. In our initial experiment set up, the temperature was set at 80 °C (Figure 7a). Two 
interfering peaks coeluted with 5-HT peak. We tried to separate the 5-HT peak from the 
interfering peaks by changing temperature. At 70 °C, the interfering peak and 5-HT peak 
achieved baseline separation (Figure 7b).   
Temperature regulation is much more convenient than changing the mobile phase 
composition and column type especially for capillary columns which have small column inner 
diameter and are fast to reach thermal equilibrium. Further studying the retention behavior of one 
impurity and 5-HT (Figure 8), we found that temperature effect resulted from the difference of 
slope steepness (enthalpy difference). There was no selectivity at around 77°C. Temperature 
away from this region was good for the separation.  
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Figure 7. Chromatograms of 10 nM standard and aCSF blank 
Column temperature:  80 °C (a), 70 °C (b). Flow rate: 4 μL/min (a), 3.7 μL/min (b).  
 
 
 
Figure 8. Temperature effect on retention of 5-HT and an impurity 
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3.0  OPTIMIZATION FOR SPEED AND SENSITIVITY IN CAPILLARY HIGH 
PERFORMANCE LIQUID CHROMATOGRAPHY. THE IMPORTANCE OF COLUMN 
DIAMETER IN ONLINE MONITORING OF SEROTONIN BY MICRODIALYSIS. 
The following work has been published in Journal of Chromatography A 2012, 1521, 54-62. 
The speed of a separation defines the best time resolution possible in online measurements using 
chromatography. The desired time resolution multiplied by the flow rate of the stream of analyte 
being sampled defines the maximum volume of sample per injection. The best concentration 
sensitivity in chromatography is obtained by injecting the largest volume of sample that is 
consistent with achieving a satisfactory separation, and thus measurement accuracy. Taking these 
facts together, it is easy to understand that separation speed and concentration sensitivity are 
linked in this type of measurement. To address the problem of how to achieve the best sensitivity 
and shortest measurement time simultaneously, we have combined recent approaches to the 
optimization of the separation itself with an analysis of method sensitivity. This analysis leads to 
the column diameter becoming an important parameter in the optimization process. We use these 
ideas in one particular problem presented by online microdialysis sampling/liquid 
chromatography/electrochemical detection for measuring concentrations of serotonin in the 
dialysate. In this case the problem becomes the optimization of conditions to yield maximum 
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signal for a given sample volume under the highest speed conditions with a certain required 
number of theoretical plates. It turns out that the observed concentration sensitivity at an 
electrochemical detector can be regulated by temperature, particle size, injection volume/column 
diameter and void time. The theory was successfully used for optimization of neurotransmitter 
serotonin measurement by capillary HPLC when sampling from a microdialysis flow stream. 
The final conditions are: 150 µm i.d., 3.1 cm long columns with 1.7 µm particle diameter 
working at a flow rate of 12 µL/min, an injection volume of 500 nL, and a temperature of 343 K. 
The retention time for serotonin is 22.7 s, the analysis time is about 36 s (which allows for 
determination of 3-methoxytyramine), and the sampling time is about 0.8 minutes with a 
perfusion flow rate of 0.6 µL/min. 
3.1 INTRODUCTION 
There are many important examples of flowing streams that are sampled periodically for 
analysis, for example microdialysis,6-8 microreactors,85-90 and even a chromatographic effluent as 
a first stage in a two- or three-dimensional separation.91-93 When analysis of a flowing stream 
requires taking samples from the flowing stream, the sample volume is a key parameter in 
defining the attributes of the system. The time resolution of the measurement is related to the 
stream’s flow rate and the sample volume. A larger sample volume dictates poorer time 
resolution. An exemplary demonstration of this is the early work from the Justice group27 
showing 1-minute time resolution in microdialysis at a time when the typical time resolution was 
20 minutes.94-96 They achieved this by taking 1 µL samples and using a 1 mm column ID for the 
separation in contrast to the typical 20 µL sample used with a then normal 4.6 mm ID column. 
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The smaller column volume permitted the use of a smaller sample without decreasing the 
concentration of the analyte, dopamine, in the detector. The Justice group used off-line HPLC for 
analysis of the captured microdialysate. The problem becomes considerably more interesting if 
online, near-real time measurements are required.  
When online analysis is required, the speed of the separation must equal or exceed the 
rate of sample acquisition. In this case, the time resolution of the measurement dictates the 
separation speed, or vice versa. Fortunately, there are developments in liquid chromatographic 
optimization that focus on achieving minimum time-per-plate that we can use to guide us.60,97,98 
These approaches allow workers to discover the combination of chromatographic parameters 
such as particle diameter dp, column length L, and mobile phase linear velocity u for the smallest 
t0 with a certain N (high speed separation). In addition, Carr et al.
99 demonstrated that an 
algebraic approach can be used to carry out the optimization, simplifying the process. But these 
strategies focus on the separation itself. They do not consider other figures of merit that may be 
important in the application of the separation to an analytical problem.  
There is a need for an optimization approach that includes both separation and detection 
figures of merit. We face this problem when we consider the monitoring of serotonin (5-
hydroxytryptamine, 5-HT) by microdialysis coupled to online HPLC. Our motivation is to 
improve significantly the speed of the chromatographic determination of 5-HT to improve the 
temporal resolution of the measurement. This is a challenge, because the concentrations expected 
for 5-HT in dialysate under resting conditions are less than 1 nM. The separation must be good 
enough to avoid interferences from solutes with much higher concentrations (by factors of 103 – 
104). Our group has successfully determined 5-HT with a retention time less than one minute in 
mouse microdialysate samples using capillary columns under high pressure, high temperature 
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conditions.100 In that work, 500 nL were injected onto a column with approximately 133 nL of 
fluid volume. This provided adequate concentration sensitivity. However, the large volume 
injection, while improving the analytical signal, decreased the number of theoretical plates.   We 
therefore asked the question, “Knowing that a certain number of theoretical plates are sufficient 
for the separation, can we gain speed without compromising the detection limit?” We have a 
budget of excess plates (difference between plate number generated by the column with a small 
injection volume, N and number of theoretical plates achieved with the larger injection volume, 
Na). What is the best way to spend the budget?  
We will approach this problem conceptually in two steps. First, we recapitulate Carr’s 
algebraic approach that determines N as a function of the void time, t0, and the particle diameter, 
dp, for fixed pump pressure and column temperature.
99 In this portion of the analysis we do not 
include the injection volume and the band spreading it creates, called volume overload in the 
preparative chromatography literature,101,102 nor do we include the column diameter.  Based on 
work of Guiochon and Colon103 and Poppe et al.,104 we then incorporate the sacrifice in N caused 
by volume overload. Based on well-known detector properties,105-107 we incorporate how the 
concentration sensitivity of the method is altered by changes in the void time, particle diameter, 
and column diameter at fixed injection volume, pump pressure, and column temperature.  We 
note that both concentration sensitivity, signal per unit concentration of analyte injected, and 
mass sensitivity, signal per unit mass injected, could be used as the “detection sensitivity”. In the 
application we are pursuing, the concentration sensitivity is more relevant.  
Under the optimum conditions determined by the analysis, the separation time for 5-HT 
was reduced to about 22.7 s while maintaining the column performance and concentration 
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sensitivity. Further, we simulated online analysis by making repeated injections to demonstrate 
the feasibility of online analysis with a time resolution of 36 s.  
3.2 EXPERIMENTAL 
3.2.1 Chemicals and materials 
Disodium EDTA was purchased from Fisher Scientific (Fair Lawn, NJ). Sodium acetate and 
glacial acetic acid were purchased from J. T. Baker (Phillipsburg, NJ). Acetonitrile, 2-propanol, 
L-ascorbic acid (AA), serotonin hydrochloride, 3-methoxytyramine hydrochloride (3-MT), and 
sodium 1-octanesulfonate (SOS) were purchased from Sigma (St. Louis, MO). All the chemicals 
were used as received without any further purification. Ultra-pure water was obtained from a 
Millipore Milli-Q Synthesis A10 system (Bedford, MA). 
3.2.2 Chromatographic system 
Homemade capillary columns were slurry packed with 1.7 μm BEH C 18 reversed-phase 
particles (Waters, Milford, MA) using 100 or 150 µm i.d., 360 μm o.d. fused-silica capillaries as 
the column blank (Polymicro Technologies, Pheonix, AZ). Column frits were made by sintering 
2 µm borosilicate particles (Thermo Scientific, Fremont, CA) which were pushed into the ends 
of the columns by pressing the capillary into the particle powder. A Model DSF-150-C1 air 
driven fluid pump (Haskel, Burbank, CA) was used for packing columns with a packing pressure 
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of 12 000 psi. The packed capillary columns were connected directly to the injector and flushed 
overnight with mobile phase before use.  
A UHPLC pump (Model nanoLC-Ultra 1D, Eksigent, Dublin, CA), with a maximum 
pump pressure of 10 000 psi, was used to deliver mobile phase in the flow rate range of 0.1-12 
μL/min. A 10 port nanobore injector was used for consecutive injections (Valco Instruments, 
Houston, TX). Injection loops were fused silica capillaries. The typical sample volume was 500 
nL. Column frits were made on the inlet side of the injection capillary to remove any particulates 
from dialysate samples and protect the column from being blocked. 
Two homemade heating assemblies controlled the temperature of the injector and the 
capillary column. Two proportional-integral-derivative (PID) controllers (Model CT15122, 
Minco Products, inc., Minneapolis, MN) drove Kapton polyimide heat film (Minco Products, 
inc., Minneapolis, MN) to heat the column and injector separately. For the capillary column, the 
heat film covered the surface of an aluminum cylinder with insulation which transferred the heat 
to the capillary column. The temperature sensor was placed inside the aluminum block, and the 
signal was fed back to the controller. For the injector, a standoff assembly was used to insulate 
the actuator from the valve which was covered by the heat film with insulation so the electronic 
part of the injector was not heated. The temperature sensor was placed in contact with the surface 
of the valve. The precision of the temperature control is about 0.1 °C in the range from room 
temperature to 100 °C. 
Chromatographic condition: separations of serotonin were achieved using ion-pair 
reverse phase liquid chromatography. The mobile phase was prepared by mixing an aqueous 
buffer with acetonitrile with a 96:4 volume ratio. The aqueous buffer contains 100 mM sodium 
acetate, 0.15 mM disodium EDTA and 10.0 mM SOS. The pH of the buffers was adjusted to 4.0 
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with glacial acetic acid. The mobile phase was passed through a 0.22 μm Nylon filter (Osmonics, 
Minnetonka, MN). 
Sample preparation: stock solutions of 1.0 mM analytes were prepared in 0.1 M acetic 
acid and stored frozen at -20 °C.  Analyte solutions with a desired concentration were prepared 
by successive dilution in 0.1 M acetic acid expect for the final dilution in artificial cerebrospinal 
fluid (aCSF) with 7 µM AA which mimicked the sample matrix of the microdialysis sample. The 
aCSF solution contained NaCl 144 mM, KCl 2.7 mM, CaCl2 1.2 mM, MgCl2 1 mM, NaH2PO4 2 
mM at pH 7.4. 
3.2.3 Electrochemical detection 
A homemade working electrode block was used with a BASi radial-style thin-layer auxiliary 
electrode. The 1 mm diameter glassy carbon working electrode (HTW Hochtemperatur-
Werkstoffe GmbH, Thierhaupten, Germany) was sealed in a Kel-F block with Spurr low 
visocosity epoxy resin (Polyscience, Inc., Warrington, PA). Electrical contact was made by 
connecting the working electrode to a metal pin with silver epoxy H20E (Epoxy Technology 
Inc., Billerica, MA). The flow channel was defined by a 13 μm thick Teflon spacer. Before each 
day’s experiments, the working electrode was wet polished with 0.05 μm γ-alumina slurry 
(Buehler Ltd., Lake Bluff, IL) and sonicated in Milli-Q water. The working electrode at 700 mV 
vs Ag/AgCl reference electrode was located directly opposite to the flow inlet. The detector was 
connected to the capillary column through a piece of 10-cm-long 25-μm-i.d. capillary tubing. 
Potential control and data collection were done by a BASi Epsilon potentiostat (West Lafayette, 
IN). 
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3.2.4 Animals and surgical procedures 
All procedures involving animals were carried out with the approval of the Institutional Animal 
Care and Use Committee of the University of Pittsburgh.  Male Sprague-Dawley rats (Hilltop; 
Scottsdale, PA) (250-375 g) were anesthetized with isoflurane (2% by volume) (Halocarbon 
Products Corporation; North Augusta, SC) and wrapped in a homoeothermic blanket (EKEG 
Electronics; Vancouver, BC, Canada) to maintain a body temperature of 37 °C. The rats were 
placed in a stereotaxic frame (David Kopf Instruments; Tujunga, CA). Holes were drilled 
through the skull in the appropriate positions to expose the underlying dura and brain tissue.  The 
dura was removed with a scalpel to allow for placement of the microdialysis probe into the brain 
tissue with minimal disruption to the surrounding blood vessels. 
3.2.5 Guide cannula implantation 
Rats underwent surgical preparation three days prior to microdialysis probe placement. Surgery 
was performed under aseptic conditions. Animals were positioned in a stereotaxic frame 
according to the atlas of Paxinos and Watson.108  In addition to the holes in the skull for passage 
of a guide cannula (BASI, West Lafayette, IN) into the brain, four additional holes were drilled 
to accept four jeweler’s screws.  The cannula was anchored in place with acrylic dental cement. 
Animals were housed individually until they recovered from the surgery. 
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3.2.6 Microdialysis 
Four millimeter membrane microdialysis probes were purchased (30 KDa, MD-2204, BASi, 
West Lafayette, IN) and conditioned prior to insertion by flushing with aCSF for 1 hour. FEP 
tubing 0.65 mm OD x 0.12 mm ID was used to connect the inlet and outlet ends of the 
microdialysis probe to a 1.0 mL gas-tight syringe. Microdialysis probes were lowered into the 
striatum using flat-skull coordinates (0.75 mm anterior to bregma, 2.5 mm lateral from midline 
and 7.0 mm below dura) over a 30 minute period.  All probes were perfused with aCSF with 7 
µM of AA, pH 7.4, at a rate of 0.586 µL/min. After a 2-h equilibration period, two baseline 
samples were collected at 1-h each and analyzed by HPLC. All baseline samples contained a 
final concentration of 0.05 M acetic acid. To elicited spreading depression (high K+ 
concentrations), the microdialysis probe was perfused with 120 mM K+ aCSF (NaCl 26.7 mM, 
KCl 120.0 mM, CaCl2 1.2 mM, MgCl2 1 mM, NaH2PO4 2 mM) in 7 µM of AA for 20 minutes at 
rate of 0.586 µL/min. During this time, 5 samples were collected at 20 minutes each in tubes 
containing 0.05 M acetic acid.  After 20 minutes the perfusate was switched back to aCSF in 7 
µM of AA till the end of the experiment. Two additional samples were collected at 1 hour post 
high K+ perfusion. All samples were placed on dry ice until analyzed by HPLC later on the same 
day, usually within an hour.  
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3.3 RESULTS AND DISCUSSION 
3.3.1 Theory for optimization of a chromatographic system operating at maximum 
pressure and with a choice of particle diameter 
This section is a brief recapitulation of Carr et al. 99 to establish certain relationships among 
variables. In that work, and Poppe’s work, one can find the optimum values of column length L 
and interstitial linear velocity ue to give the maximum N once dp, t0, and P are specified. 
Alternatively, one could find the optimum values of L and ue to give the minimum t0 once dp, N, 
and P are specified. 
Eq. 8 gives interstitial linear velocity ue, as a function of void time t0 and column length 
L:  
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  (8) 
where   is the ratio of interstitial and total porosity. Interstitial linear velocity ue is used here in 
accordance with Carr’s work99 and for its relevance to mass transport in relationships between 
plate height and mobile phase velocity. Eq. 9 gives length, L, as a function of pressure drop over 
the whole column, P, particle diameter, dp, and ue. 
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Here, ϕ is the flow resistance factor (relating specifically to ue), and η(T) is the mobile phase 
viscosity at temperature T. Then ue and L can be expressed as functions of t0 and dp (and other 
parameters) below derived from Eqs. 8 and 9.   
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For the best chromatographic performance, we will operate at a certain maximum 
pressure,  
  maxPP   (12) 
The plate number generated by a column with length L and velocity ue is shown in Eq. (13), 
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Where H is the plate height, h is the reduced plate height, v is the reduced linear velocity, A, B, C 
are dimensionless terms in the van Deemter equation expressed in terms of reduced velocity, and 
Dm(T) is the solute diffusion coefficient in the mobile phase at temperature T. Using Eqs. 10-12 
in Eq. 13 leads to Eq. 14. 
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Note that Eq. 14, which is equivalent to Eq. (13) of 99, is now a function of t0, dp, and Pmax, as 
well as other parameters. As in Carr et al.,99 we use the van Deemter equation instead of Knox 
equation for algebraic simplicity. Using reduced A, B, and C is convenient because it allows Eq. 
14 explicitly to show variables (e.g., dp) that are important in optimization, and simplifies the 
application of a final result to a column with known parameters. Below we show that the fits of 
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the two equations to the data are statistically the same. This equation could be used to determine 
the number of theoretical plates achievable with a particular dp and t0 (with the remaining 
parameters: Dm(T), η(T), 𝜆, A, B, C, ϕ, and Pmax known). Column length and mobile phase 
velocity are calculated using Eqs. 10 and 11. In the current context, we do not expect to realize N 
theoretical plates; rather, we expect some increased band spreading from volume overload which 
we accept for achieving a certain sensitivity of the analysis. In this case, we will realize an 
apparent theoretical plate number, Na, that will be sufficient for the separation but lower than the 
intrinsic plate number of the column, N, because of the volume overload required to maximize 
detection sensitivity. 
3.3.2 Column diameter: an important variable 
The following discussion is based on work by Poppe et al.104 and Colin and Guiochon.103 We 
turn our attention to the degradation of column performance by volume overload in an isocratic 
chromatography system.  Based on the column’s intrinsic properties, given by variance σcol2, and 
additional variance from overload, σol2, we define the apparent number of theoretical plates, Na. 
Eq. 15, describes the relationship between Na and the intrinsic plate number generated by the 
column, N: 
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where θ2 is the fractional contribution to the observed band variance from the extra-column 
effect. Other contributions to extra-column peak variance such as postcolumn reactor volume78 
are not included here. We need the relationship for the volume-based variance of the peak, σv2, 
based on the number of theoretical plates in terms of retention volume, Vr, (Eq. 16) 
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Eq. 17 relates injection volume to the sacrifice in column efficiency represented by θ and other 
column parameters.103 It arises from using Eq.17 in the definition of θ with the assumption that 
σol2 is small compared to σcol2 
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Vinj is the injection volume which gives a particular contribution (θ) to the band dispersion. K is a 
constant depending on the injection technique, ε is column porosity, L is the column length, and 
k’ is the retention factor of the solute. Eq. 17 is valid when the sample solvent and the injection 
solvent are the same. When the injected sample solvent has less eluting strength compared to the 
mobile phase, the injection volume Vinj for a particular θ increased by a factor of k0’/k’ where k0’ 
is the value of the retention factor in the sample solvent. 104,109 Solutes in the sample solvent 
concentrate at the head of the column which improves the concentration detection sensitivity due 
to the higher retention factor in the sample solvent and the compression arising from the step-
gradient by the following higher eluting strength mobile phase. This preconcentration process is 
called on-column focusing. 104Thus, the injection volume under on-column focusing is  
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From Eq. 18, we can find a relationship for θ which when used with Eq. 15 gives rise to the 
relationship between achieved plate number and injection volume  
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Where 
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Eq. 19 shows that the column diameter and volume injected as well as t0 and dp are used to 
define Na, whereas the intrinsic power of the column, expressed as N, only depends on t0 and dp 
(and other parameters that for a particular solute, mobile phase, and temperature are constants: X, 
Pmax, τ(T), ϕ, Dm(T) , and the terms in the van Deemter equation).  
The foregoing is completely general. In the context of the problem we posed in the 
introduction, Na is a known quantity – the number of theoretical plates required for quantitative 
determination of the analyte. Thus, we derive Eq. 20 from Eqs. 11, 15, 18 and 19. This 
expression for dc depends on t0, dp, T, and Vinj (and other parameters that for a particular solute, 
mobile phase, and temperature are constants: X, Pmax, τ(T), ϕ, Dm(T) , and the terms in the van 
Deemter equation).  
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3.3.3 Influence of chromatographic optimization on sensitivity 
We now consider the sensitivity of the detector and its relationship to the chromatography.  We 
use an electrochemical detector, but we will derive the necessary relationships in general terms. 
We use the symbol i  generically for “signal”. The instantaneous signal depends on the mobile 
phase flow rate Fm to some power, . 
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  minFkCi   (21)  
where k is a sensitivity factor that need not concern us and Cin is the analyte concentration in the 
mobile phase entering the detector. The observed concentration sensitivity is the ratio of the 
signal to the concentration in the injected sample 
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where Cs is the analyte concentration. Eq. 22 expresses the well-known fact that the observed 
concentration sensitivity is influenced by chromatographic bandspreading and may be dependent 
on the flow rate of the chromatographic mobile phase.  We can relate the concentration in the 
detector, conceptually, to the number of moles of analyte injected into the column and the peak 
volume. The peak volume is proportional to the volume standard deviation, σv, regardless of the 
details of the peak shape. We do not lose insight from calculating proportionalities rather than 
equalities, so we can drop the unknown detector sensitivity factor and the proportionality 
between peak standard deviation and peak volume that depends on peak shape.    
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We can express Cin as being proportional to the moles injected divided by the peak volume, 
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The volume standard deviation can be expressed in terms of theoretical plate count and retention 
volume as in Eq. 16, except that here we are considering the peak width in an actual analysis, so 
Na, replaces N. In addition, we write the retention volume as t0(k’+1)Fm  
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And finally, combining the flow rate terms, we have Eq. 26. 
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What remains is to replace flow rate with its equivalent in terms of other variables (here ε is the 
total column porosity): 
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For the electrochemical detector under many conditions the value of  is 1/3.105-107 Thus, for the 
electrochemical detector, the sensitivity is  
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In Eq. 29, sensitivity is a function of the independent variables t0, dp, Vinj and T. To 
achieve any combination of t0, dp, and T, we will work at the column length and velocity 
determined by Eqs. 10 and 11. This length and velocity will generate N theoretical plates (Eq. 
14) in the limit of small injection volume. For an injected sample volume Vinj and required 
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apparent plate number Na, we will work at the column diameter determined by Eq. 20. The 
incorporation of column diameter dc adds another degree of freedom for the optimization. 
Table 6. Fixed parameters involved in the optimization 
Parameter Determination Value 
Φ Pressure vs ue at T=343 K 289 
A, B, C h vs v at T=343 K See Table 2  
Na Experience 2200 
Pmax Instrument 41.4 MPa (6 kpsi)  
𝜆 Literature 0.625 
D(298K) Literature 5.4x10-10 m2s-1 (T= 298K)  
η(T) Literature See Eq. 24 
X Na vs Vinj at T=343 K 87.94, see Fig. 2 
3.3.4 Experimental determination of fixed parameter values 
Table 6 shows the fixed parameters, how they were determined, and the parameter values. Eq. 9 
shows that the slope of a P vs ue plot will yield the column flow resistance factor for a column at 
70 °C (constant dp, η(T) and L). This value, relating to mobile phase linear velocity, u, is 462.  
Thus, the flow resistance factor, ϕ, relating to ue is 289. The A, B, and C terms were 
experimentally determined by building up a van Deemter plot (incorporating reduced variables) 
followed by regression (Figure. 9, Table 7). The van Deemter and Knox fits are both good and 
have essentially identical values of R2. From our previous experience, Na is 2200 for sufficient 
separation. Thus, A, B, C, ϕ and Na are determined by experience or experiment. Pmax, 41.37 MPa 
(6000 psi), is governed by our equipment. Although the maximum pressure capability of the 
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pump is 10,000 psi, the pressure generated from the pump’s internal flow path is as high as 2100 
psi at a flow rate of 12 μL/min. In consideration of this and that we want to work at a pressure a 
little lower than the pressure limit, P was chosen as 6000 psi in the calculation. Typical values of 
  are in the range of 0.6-0.7 so here we use 0.625. For viscosity, we used the form of an 
empirical relationship for viscosity as a function of composition and temperature.110 A nonlinear 
regression of that empirical function with the apparent integral viscosities at 400 bar for water-
acetonitrile between 20 and 100 °C from Billen et al. 111 resulted in Eq. 30  
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where Xacn is the volume fraction of acetonitrile in the mobile phase. The diffusion coefficient 
Dm of 5-HT is scm /104.5
26  at 298 K.112 Dm at other temperatures is calculated based on 
empirical Eq. 31. 
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Finally, we have experimentally determined the effect of injection volume on efficiency based on 
Eq. 19. A regression of Na on Vinj
2 will reveal the lumped parameter X which can then be used in 
optimization (Figure. 10). The regression yields the relationship (Vinj is in nanoliters) 
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at 343 K. Our primary conclusions are for T = 343 K, so X can be considered as a constant. In 
practice, changes in temperature are often accompanied by changes in mobile phase composition, 
so that k’ may be more or less constant. However, k0’ will be temperature dependent. Thus, X is 
temperature dependent in general. 
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Table 7. Nonlinear fit of the van Deemter plot using theoretical equations 
 A B C R2 Equations 
Van Deemter 1.4 ± 0.2 9.4 ± 0.4 0.12 ± 0.01 0.968 v
v
h 12.04.94.1   
Knox 0.8 ± 0.1 10.3 ± 0.3 0.08 ± 0.01 0.960 v
v
vh 08.03.108.0 3/1   
 
 
 
Figure 9. The reduced plate height vs reduced velocity (interstital) generated from a column 
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Figure 10. Apparent plate number measured at different injection volume 
Column: 100 µm inside diamter, 5.0 cm long capillary column packed with 1.7 µm BEH C 18 particles. Mobile 
phase: 100 mM sodium acetate, 0.15 mM disodium EDTA, 10.0 mM SOS, pH=4.0, mixed with 4% (v/v) 
acetonitrile. Flow rate: 4.0 μL/min. Column temperature T = 343 K. 
3.3.5 Finding the optimum conditions 
Now that we have all the parameters, we will first explore briefly the variables T, Vinj, and dp. 
Figure. 11 encapsulates, with just a few curves, the effect of these variables on sensitivity and 
speed according to Eq. 29. Note that each curve has a clear maximum, dropping off steeply to the 
short time side. We find the maximum sensitivity at a t0 that is near the minimum accessible 
value. Thus, striving for maximum sensitivity does not require a significant sacrifice in speed. 
Comparison of the green and red curves shows that the higher temperature (383 K) permits a 
higher sensitivity and a potentially faster separation in comparison to the lower temperature (343 
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K) all else being equal. Comparison of the red and black curves shows that a modest change (red: 
500 nL; black: 250 nL) in injected volume decreases the sensitivity, but has little effect on the 
speed. Comparison of the red (1.7 µm dp) and blue (2.6 µm dp) curves show that the smaller 
particle diameter improves speed and sensitivity. Therefore, we can conclude that with the goal 
of higher sensitivity and speed, we should work at conditions with the highest practical T, largest 
Vinj, and smallest dp. Prior work guided us to choose 70 
oC (343 K) as the column temperature 
which is the highest working temperature with good column selectivity and stability.100 Although 
larger sample volume benefits the detection sensitivity, it also relates to the time resolution of the 
analysis. Here, a sample volume of 500 nL was used based on experience which provides a 
sampling time resolution of less than 1 minute for typical microdialysis flow rates. Also, the sub-
2 µm porous particles are currently the smallest commercially available porous particles which is 
our best choice. Given the pragmatic constraints mentioned above, we will choose to operate at T 
= 343 K, use 1.7 µm particles, and inject 500 nL. 
 
Figure 11. Effect of particle size, injection volume and column temperature on concentration sensitivity and 
separation speed (void time t0) 
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The column diameter is a key parameter in this optimization. In the current context where 
we seek optimum conditions, it is not independently variable. It depends, like sensitivity, on t0, 
dp, Vinj, and T (as well as the parameters in Table 6). For a given temperature and injection 
volume, there is a single value of Sel corresponding to a pair of values (t0, dp). The same is true of 
column diameter. Thus, it is instructive to consider Sel and dc as a function of t0 given dp, Vinj, and 
T. Figure 12a shows how sensitivity (with Vinj and T fixed at the values stated above) depends on 
column diameter and void time. Each curve corresponds to a different particle diameter. It is 
hard to visualize the curve in three dimensions, so we have plotted in Figure 12b the projections 
of each curve on the three two-dimensional planes. Table 8 shows the range of laboratory 
parameters that will provide sensitivity within 3% of the maximum. 
Some general observations may be made. Smaller particle diameter results in higher 
sensitivity at optimum conditions.  The column diameter is an important variable. Note that in 
Figure 12 significant sensitivity is lost by using columns with a diameter of 500 µm. On the 
other hand, when the column diameter is too small the column length must increase to avoid 
volume overload and maintain Na. This is reflected in the simultaneous decrease in sensitivity 
and increase in void time when column diameter becomes small. Note that the void time is 
completely independent of the column diameter for column diameters larger than some value 
that depends on the particle diameter. This reflects the point where volume overload is 
negligible, i.e., N = Na.   
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Figure 12. Concentration sensitivity as a function of void time t0 and column diameter dc 
Left: a line for each particle diameter in three dimensions. Right: projections of each of the latter curves in each of 
the two-dimensional planes. 
 
Table 8. Optimum chromatographic parameters’ rang for 97-100% of maximum sensitivity  
Injection volume: 500; working temperature: 343 K. 
dp (µm) Sensitivity ue (cm/s) L (cm) t0 (s) dc (µm) 
1.0 7.5-7.7 1.8-1.4 1.2-1.4 0.67-1.0 238-195 
1.7 5.8-6.0 2.0-1.7 3.0-3.6 1.5-2.2 148-122 
2.6 4.6-4.7 2.1-1.8 6.6-7.9 3.1-4.5 99-82 
3.5 3.8-3.9 2.2-1.8 12-14 5.4-7.8 74-62 
5.0 3.1-3.2 2.2-1.8 23-28 10.6-15.2 53-44 
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3.3.6 Application of the optimized system to microdialysis 
We use 1.7 µm BEH C 18 particles. Considering both sensitivity and speed from Figure 12 and 
Table 8, the column diameter is 150 µm with a length of 3.1 cm. Figure 13 demonstrates results 
from this column. The total analysis time for 5-HT and 3-MT was reduced to about 0.6 minutes 
with t0 of 1.5 s and a plate number of 2450. The flow rate is 12 μL/min and the reduced linear 
velocity v is 32. The total pressure is 8354 psi while the back pressure generated by the column 
is 6204 psi. We note that the plate count and column pressure are close to the values specified in 
the optimization (2200 and 6000 psi, resp.). This supports the reproducibility of our column 
packing, as Figure 9 and Figure 10 are from different columns created before packing the 
optimally sized columns.  
 
Figure 13. Typical chromatogram of a 500 nL standard injection sample 
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Red: standard sample containing 2 nM 5-HT, 2 nM 3-MT and 7 µM AA. Black: blank aCSF solution. Column: 150-
μ-i.d., 3.1-cm-length capillary column packed with BEH C 18 particles. Mobile phase: 100 mM sodium acetate, 0.15 
mM disodium EDTA, 10.0 mM SOS, pH=4.0, mixed with 4% (v/v) acetonitrile. Flow rate: 12.0 μL/min. Column 
temperature: 70 °C. Electrochemical detection.  
 
We first applied the system to offline measurements. The system proved excellent within-
day retention and sensitivity reproducibility. The average retention time of 5-HT peaks in 
standards and dialysate samples from one typical day-long experiment is 22.5 ± 0.1 s based on 
47 injections. One concern often expressed about electrochemical detection is a slow decrease in 
sensitivity commonly attributed to electrode fouling. The change in the active electrode surface 
area and surface properties may cause this sensitivity drift. Therefore, the detection sensitivity at 
the beginning and end of a whole day’s experimentation (typically 7-9 hours, 50-80 injections) 
was investigated. The sensitivity loss for 5-HT was in the range of 2-5%. This relatively small 
sensitivity change of about 0.5% per hour can be ignored for experiments requiring an hour or 
less. For longer experiments, pre- and postcalibration should be used. 
The electrochemical detector responds linearly in the concentration range from 0.5 nM to 
100 nM (5-HT: R2=0.9992; 3-MT: R2=0.9994). Therefore, one point at the very high 
concentration (100 nM) was used for 5-HT and 3-MT concentration calibration. Limits of 
detection for 5-HT and 3-MT are 0.3 nM and 1.0 nM respectively (signal three times greater than 
rms noise).  
With the conditions and method established, we then determined 5-HT in rat brain 
microdialysate (Figure 14). The total analysis time is about 36 s with 5-HT eluting at 22.7 s and 
3-MT eluting at 33.3 s. The basal 5-HT and 3-MT concentrations are 0.67 nM and 2.62 nM. 
Confirmation of the 5-HT peak was done by spiking samples with an equal volume of a 5 nM 
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standard (Figure 14). Confirmation of the peak identity can also be done using the physiological 
response to elevated extracellular K+ concentration. Samples were collected before, during and 
after high K+ stimulation at 20-min intervals (Figure 15). The increased extracellular K+ 
concentration induced a significant increase of the 5-HT concentration in the dialysate.113 
 
Figure 14. Determination of basal 5-HT and 3-MT in rat brain microdialysate 
Separation conditions were the same as in Figure 5. Black: blank aCSF solution. Red: basal microdialysate sample 
collected from striatum of rat brain with a perfusion flow rate of 0.6 μL/min. Blue: 1:1 volume ratio mixture of basal 
microdialysate sample and 5 nM standard.  
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Figure 15. Monitoring of 5-HT concentration followed by high K+ stimulation 
Administration: 120 mM K+ aCSF solution for 20 min. Samples were collected and analyzed offline. Separation and 
sampling conditions were the same as in Figure 6.  
The temporal resolution of the 5-HT separation is now 36 s with 500 nL dialysate 
samples. This makes it possible to imagine online measurements every 36 s with a perfusate flow 
rate of 0.83 µL per minute (i.e., 500 nL/0.6 minutes). Since our goal is online analysis, the 
feasibility of continuous analysis was done by making 5 consecutive injections of basal dialysate 
samples with 0.6-min time intervals (Figure 16). The average 5-HT concentration was 0.66 ± 
0.03 nM and the average 5-HT peak retention time was 22.7 ± 0.1 s based on the five injections. 
The small standard error shows excellent reproducibility of sample loading, separation and 
detector response which are important parameters for online analysis. There are no late-eluting 
peaks from early injections that impact later injections.  
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Figure 16. Chromatograms of samples with consecutive injections 
Injection intervals: 0.6 minutes. Separation and sampling conditions were the same as in Figure 6. 
3.4 CONCLUSIONS 
The optimization of an HPLC system generally pursues the speed or efficiency of a separation 
However, the theory regarding optimization, as valuable as it is, does not optimize conditions for 
an isocratic trace analytical method based on chromatography. Specifically, we take into account 
the ubiquitous procedure of on-column preconcentration as part of the overall optimization. A 
sample volume that is too large will sacrifice the separation speed, separation efficiency and 
analysis temporal resolution when sampling from flowing streams at a constant rate. A sample 
volume that is too small may result in undetected compounds. We demonstrate that the column 
diameter is an important parameter in the optimization of conditions to attain high speed and the 
best possible sensitivity for a given sample volume with a certain required number of theoretical 
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plates. For an electrochemical detector, the maximum concentration sensitivity is achieved with a 
particular t0 and corresponding dc. Smaller particle size and higher temperature provides smaller 
optimum t0 and greater sensitivity which means higher speed and better detection limit. The 
theory was successfully used for optimization of serotonin measurements using online 
microdialysis coupled with capillary HPLC-EC. Careful optimization is required because our 
goal is to improve temporal resolution, but we must not reduce the method’s concentration 
sensitivity since the sample size is limited and concentration detection limit is important. With 
the optimized system, we demonstrated basal 5-HT measurements in rat microdialysate samples 
offline in 36 s. The consecutive analysis provides strong support for successful online analysis.  
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4.0  IN VIVO MONITORING OF SEROTONIN IN THE STRIATUM OF FREELY-
MOVING RATS WITH ONE-MINUTE TEMPORAL RESOLUTION BY ONLINE 
MICRODIALYSIS-CAPILLARY HIGH PERFORMANCE LIQUID 
CHROMATOGRAPHY AT ELEVATED TEMPERATURE AND PRESSURE 
The following work has been published in Analytical Chemistry 2013, 85, 9889-9897. 
Online monitoring of serotonin in striatal dialysate from freely moving rats was carried out for 
more than sixteen hours at one-minute time resolution using microdialysis coupled online to a 
capillary HPLC system operating at about 500 bar and 50 oC. Several aspects of the system were 
optimized towards robust, in vivo online measurements. A two-loop, eight-port rotary injection 
valve demonstrated better consistency of continuous injections than the more commonly used 
two-loop, ten-port valve. A six-port loop injector for introducing stimulating solutions (stimulus 
injector) was placed in-line between the syringe pump and microdialysis probe.  We minimized 
solute dispersion by using capillary tubing (75 µm i.d., 70 cm long) for the probe inlet and outlet.  
In vitro assessment of concentration dispersion during transport with 30-s time resolution 
showed that the dispersion standard deviation for serotonin was well within the desired system 
temporal resolution.  Each 30- or 60-second measurement reflects the integral of the true time 
response over the measurement time. We have accounted for this mathematically in determining 
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the concentration dispersion during transport. The delay time between a concentration change at 
the probe and its detection is seven minutes. The timing of injections from the stimulus injector 
and the cycle time for the HPLC monitoring of the flow stream was controlled. The 
electrochemical detector contained a 13 µm spacer to minimize detector dead volume. During in 
vivo experiments, retention time and separation efficiency were stable and reproducible. There 
was no statistically significant change over 5.5 hours in the electrochemical detector sensitivity 
factor for serotonin. Dialysate serotonin concentrations change significantly in response to a 120 
mM K+ stimulus. Release of serotonin evoked by a ten-minute, 120 mM K+ stimulation, but not 
for other K+ stimuli, exhibited a reproducible, oscillating profile of dialysate serotonin 
concentration vs. time. Infusion of fluoxetine, a serotonin uptake inhibitor, increased dialysate 
serotonin concentrations and stimulated release magnitude. Transient serotonin increases were 
observed in response to the stress associated with unexpected handling. This system is simple, 
efficient, reliable, and suitable for study of serotonin neurochemistry associated with emotion 
and behavior.  
4.1 INTRODUCTION  
Online sampling/analysis is highly desirable for many applications, for example high throughput 
screening,114 analysis of synthetic reactions in microreactors,86 environmental115 and 
biological116 substance monitoring, and process analytical chemistry.117 Online sampling 
especially benefits the analysis of small volume samples since it avoids sample handling 
procedures. Another area in which it excels is in monitoring dynamic processes such as those 
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occurring in the brain.6 Increasing the temporal resolution of online sampling/analysis will 
provide more details of dynamic processes. 
Serotonin (5-hydroxytryptamine, 5-HT)  together with the 5-HT transporter and receptors 
modulate many brain functions2-4,118 and intestinal activities.119 Neurological disorders like 
depression and anxiety are associated with abnormalities of the serotonergic system. Two major 
tools to study 5-HT neurochemistry in the brain are fast scan cyclic voltammetry13,77,120 and 
microdialysis/HPLC. These techniques are complementary. The former has sub-second time 
resolution while microdialysis-HPLC can perform multi-analyte detection over long timescales 
with the potential for unambiguous analyte identification.  
Online measurements following microdialysis are continuous, e.g., using sensors,121 or 
discrete, e.g., using a separation.7,52,122,123 Here, we focus on the latter. Conventional 
microdialysis-HPLC is carried out with low temporal resolution. Temporal resolution can be 
improved by decreasing the scale of the separation method, e.g., capillary HPLC and capillary 
electrophoresis.27,29,32,124 Kennedy and Bowser measured changes in neurotransmitter 
concentrations (e.g., dopamine, glutamate, aspartate) in response to a stimulus using online 
microdialysis-capillary electrophoresis with online fluorescent derivatization.75 The temporal 
resolution was as high as 11 s for amino acids124 and 90 s for dopamine.32 While capillary 
electrophoresis is powerful, within the neuroscience community HPLC has become the preferred 
method for research on low concentration neurotransmitters like dopamine and 5-HT125,126 
because of its reliability and reproducibility. Using microdialysis-HPLC, Newton and Justice27 
studied dopamine dynamics with one-minute temporal resolution by using small, 1 µL samples 
in conjunction with a 0.5-mm-inner diameter (i.d.) microbore column. Richter et al.127 studied 5-
HT and other neurotransmitters with a temporal resolution of 1.5 minutes using 3 µL samples in 
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conjunction with a 2-mm-i.d. column. These researchers recognized the advantage of small 
diameter columns: they minimize sample dilution during the separation permitting reliable 
quantitation with small volume injections. However, they performed the chromatography offline. 
Using even smaller i.d. capillary columns offline Parrot et al.26 with 1 µL samples and Jung et 
al.28 with 0.5 µL samples achieved low detection limits for 5-HT, but the separations were 
performed offline and were approximately ten minutes long.  
The Andrews lab128  recently reported in vivo, online monitoring of 5-HT with a temporal 
resolution of three minutes. This is a significant advance. The work was done with commercially 
available equipment. They applied this fast microdialysis approach to awake animals for times 
long enough to perceive circadian changes. 
When considering the design of an online separation-based analysis system, it is 
important to understand the relationships that define and indeed connect the system’s figures of 
merit. Scheme 1 shows that the concentration of analyte 5-HT in the detector following a 
separation consists of two independent components: the animal/microdialysis part of the 
experiment defines the number of moles injected into the separation system and the separation 
system (here chromatography) dictates the volume of the solution in which the injected moles are 
found in the detector. We will call the latter volume the peak volume. The number of moles 
collected in each sample depends on the sample volume and the dialysate concentration, itself a 
function of the actual concentration in the brain and the microdialysis recovery. The peak 
volume is defined by the retention time and a number of other parameters related to column 
efficiency, (which may include extracolumn effects and overloading) as well as the inside 
diameter of the column. Ultimately, the moles acquired divided by the peak volume must exceed 
the concentration detection limit of the detector used. The integral relationship between sampling  
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Scheme 1. Factors that determine the concentration of analyte 5-HT in the detector following a separation 
Yellow outlined boxes correspond to microdialysis; blue boxes correspond to the chromatography. Arrows imply 
“controls” or “affects”. Black triangles with two “inputs” and one “output” imply “define”. The 5-HT concentration 
in the brain with the microdialysis recovery gives rise to a dialysate. Microdialysis recovery depends on dialysate 
flow rate. The flow rate of the dialysate and desired sampling time together define the sample volume. The sample 
volume and dialysate concentration give the moles of 5-HT in one sample. Column parameters at a particular 
temperature, T, limited by available pump pressure, control the number of theoretical plates, N, and the void time, t0. 
The value of N will be decreased by injecting too much mass or volume. The reduction in efficiency that results 
from either type of overload depends on the column volume. The void time and the retention factor, k’, give the 
retention time of the analyte. The chromatographic system yields a peak with a particular volume (peak volume) 
dependent on a peak width related to bandspreading and column inside diameter. The peak volume and the moles of 
5-HT from the dialysis give a concentration in the detector that must be greater than the detection limit of the 
detector.  Note that in the optimal case, the sampling time and retention time are similar as well (blue yellow dashed 
line). 
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and measurement is even deeper. The microdialysis sample volume and flow rate define the 
sampling time and thus the temporal resolution. Ideally, the speed of the chromatographic system 
and the sampling time will “match” so that one chromatogram is achievable in the same time 
required to collect the sample.  The constraints on an optimized system are therefore that under 
conditions where the sampling time is approximately equal to the separation time, the ratio of 
moles collected during the sampling time to the peak volume in the separation system must 
exceed the detector’s detection limit by some factor.  While the foregoing is accurate, it should 
be borne in mind that the system’s time resolution may be limited by the dispersion within the 
microdialysis flow path (to be discussed below).  
Recently, Liu et al.100 and Zhang et al.126  improved the HPLC analysis speed of 5-HT to 
the sub-minute level using elevated column pressure and temperature, a capillary column packed 
with sub-2-µm particles, and a sensitive, low dead-volume electrochemical detector. Using the 
smallest commercially available packing material at the time, Zhang et al. optimized a 
chromatographic system as described in Scheme 1 for maximum sensitivity given a required 
separation power (theoretical plate count), desired separation speed, and sample size. The 
column diameter is a key parameter and has an optimum value. This is the first time that both the 
microdialysis sampling time and the analysis time for 5-HT are one minute or less laying the 
groundwork for in vivo online microdialysis coupled to capillary UHPLC with electrochemical 
detection (UHPLC-EC) (here we use the rather ill-defined term UHPLC to represent our use of 
elevated temperature and pressure conditions).  In this work, we carried out in vivo online 
microdialysis coupled to capillary UHPLC to monitor basal 5-HT concentrations and the 
subsequent changes in response to a stimulus with one-minute temporal resolution in the striatum 
of freely-moving rats. Optimization of both sampling and analysis were carried out, with 
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emphasis on temporal resolution, long time continuous analysis sensitivity, and robustness. We 
observed basal concentrations and dynamic changes of 5-HT for up to sixteen hours and forty 
minutes.  
4.2 EXPERIMENTAL SECTION 
4.2.1 Chemicals and materials 
Chemicals and sources were: disodium EDTA, Fisher Scientific (Fair Lawn, NJ); ethanol, 
Pharmco-AAPER (Shelbyville, KY); sodium acetate and glacial acetic acid, J. T. Baker 
(Phillipsburg, NJ); acetonitrile, 2-propanol, l-ascorbic acid, serotonin hydrochloride, fluoxetine 
hydrochloride, and sodium 1-octanesulfonate (SOS), Sigma (St. Louis, MO). All the chemicals 
were used as received without further purification. Ultra-pure water was obtained from a 
Millipore Milli-Q Synthesis A10 system (Bedford, MA). Fused silica capillaries were from 
Polymicro Technologies ( Pheonix, AZ). 
4.2.2 Chromatography 
Capillary columns were packed according to a previously reported procedure.126 Briefly, 
columns were slurry packed with 1.7 μm BEH C 18 reversed-phase particles (Waters, Milford, 
MA) using 150 µm i.d., 360 μm outer diameter (o.d.) capillaries as the column blank. The 
packed capillary columns were connected directly to the injector and flushed with mobile phase 
overnight before use.  
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A UHPLC pump (Model nanoLC-Ultra 1D, Eksigent, Dublin, CA), with a maximum 
pressure limit of 700 bar, was used. The outlet of the pump was connected to an eight-port 
nanobore injector equipped with two 500 nL sample loops (Valco Instruments, Houston, TX). 
Isocratic separations of 5-HT were achieved using ion-pair, reversed phase liquid 
chromatography. The mobile phase was aqueous buffer:acetonitrile in a 96:4 (v/v). The aqueous 
buffer contained 100 mM sodium acetate, 0.15 mM disodium EDTA and 10.0 mM SOS and 
glacial acetic acid sufficient to create pH = 4.00. Mobile phase was filtered before use (0.22 μm 
Nylon filter, Osmonics, Minnetonka, MN). The mobile phase flow rate for the in vivo 
experiments was 10 L/min and the operating temperature of the injector and the capillary 
column was maintained at 50 °C using two homemade heating assemblies126 unless stated 
otherwise. Analytes were detected at 700 mV vs Ag/AgCl reference electrode by a BASi radial-
style electrochemical detection flow cell (West Lafayette, IN) with a 13 µm Teflon gasket. The 
cell was connected to the column with a 10-cm-long, 25-µm-i.d. capillary. Potential control and 
data acquisition were done by a BASi Epsilon potentiostat (West Lafayette, IN). Instrument 
control and data collection was achieved using a PeakSimple Chromatographic Data System 
(SRI Instruments, Torrance, CA).  
4.2.3 Microdialysis probe fabrication 
Microdialysis probes129 were prepared with Spectra-Por RC hollow fiber dialysis membrane (4 
mm long; 200-m i.d., 216-m o.d.; molecular weight cut-off (MWCO) 13 kD; Spectrum 
Laboratories Inc., Rancho Dominguez, CA) and fused-silica inlet/outlet tubing (70 cm long; 75 
µm i.d., 150 μm o.d.), which were sealed in a 3.5-cm-long stainless steel hypodermic tubing 
body (B000FMWJWK, Small Parts, Logansport, IN) with 2 Ton epoxy (ITW Devcon, Danvers, 
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MA). The hollow fiber membrane is shipped filled with a water-insoluble ester (isopropyl 
myristate) to prevent membrane deformation. Probes were activated by flushing with 1.0 mL 
ethanol to remove the long chain ester before use. The alcohol was removed by rinsing with 
artificial cerebrospinal fluid (aCSF) (containing NaCl 144 mM, KCl 2.7 mM, CaCl2 1.2 mM, 
MgCl2 1 mM, NaH2PO4  2 mM at pH 7.4).  
4.2.4 In vitro online microdialysis coupled to a capillary UHPLC-EC system 
A microdialysis probe was placed in a 100 mL beaker filled with aCSF solution (Figure S1). A 
concentration step was generated through the addition of a concentrated 5-HT solution to the 
stirred contents of the beaker. The 5-HT concentration was monitored with a 30 seconds analysis 
time interval. The chromatographic conditions were slightly different from the in vivo 
experiments in order to achieve the 30 s time resolution. Mobile phase flow rate was 12 L/min 
with column and injector temperatures at 70 °C. 
 
Figure 17. In vitro online microdialysis-UHPLC-EC experimental set up 
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4.2.5 In vitro assessment of solute dispersion during sample transfer  
The microdialysis probe was replaced by a loop injector fitted with a 6 µL injection loop. The 
concentration profile resulting from injecting the loop contents into the outlet capillary was 
monitored with one-minute time resolution. It is important to control the time of the injection 
with respect to the continuous, one-minute cycle time of the monitoring. In this experiment, we 
altered the time between the injection and the UHPLC injection cycle to 5 s, 25 s and 45 s for 
three separate concentration steps.  
4.2.6 Surgical procedure 
All procedures involving animals were carried out with the approval of the Institutional Animal 
Care and Use Committee of the University of Pittsburgh.  Male Sprague-Dawley rats (250-375 g, 
Hilltop, Scottsdale, PA) were anesthetized with isoflurane (0.5% by volume, Baxter Healthcare, 
Deerfield, IL). A homoeothermic blanket (EKEG Electronics; Vancouver, BC, Canada) kept the 
body temperature at 37 oC. A stereotaxic frame (David Kopf Instruments; Tujunga, CA) was 
used for all surgeries. (over the striatum.  A guide cannula MD-2251, Bioanalytical Systems Inc.; 
West Lafayette, IN) was implanted into the striatum (1.2 mm anterior of bregma, 2.5 mm lateral 
of bregma), and lowered to 1 mm beneath the surface of the brain. Jeweler’s screws with dental 
cement were used to hold the cannula in place. Rats recovered for a minimum of three days. 
Then a second procedure was performed to implant the microdialysis probe. Rats were 
anesthetized with isoflurane and microdialysis probes were slowly lowered vertically over thirty 
minutes into the striatum (7.0 mm below dura) and secured to the guide cannula with epoxy 
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cement. Once the probe was implanted, anesthesia was removed and the rats were placed in a 
Raturn chamber (Bioanalytical Systems, West Lafayette, IN) for the duration of the experiment. 
4.2.7 In vivo online microdialysis coupled with capillary UHPLC-EC system  
Figure 18 shows a diagram for the in vivo online microdialysis-UHPLC-EC system. A PicoPlus 
syringe pump (Harvard Apparatus, Holliston, MA) with a 1.0 mL gas-tight syringe delivered the 
microdialysis perfusion fluid, aCSF. A two-position “stimulus” loop injector was placed between 
the syringe and dialysis probe for the introduction of another solution. To minimize Taylor-Aris 
dispersion and other sources of dispersion, 75 m i.d. capillary tubing (10 cm) connected the 
stimulus valve to the microdialysis inlet capillary, the inlet capillary (70 cm) to the dialysis 
tubing, the outlet capillary (70 cm) to a connector capillary (10 cm) connected to the HPLC 
injection valve. All connections were made with MicroTight Unions (IDEX Health & Science, 
Oak Harbor, WA). 
 
Figure 18. In vivo online microdialysis-UHPLC-EC experimental set up 
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Probe implantation was done early in the morning and online experiments were initiated 
in the afternoon of the same day. Probes were perfused with aCSF at 0.6 µL/min for at least 2 
hours after implantation prior to connection to the online chromatographic system. Standards 
(100 nM 5-HT) were analyzed before and after the online experiments for calibration. The 
sampling volume was 600 nL which was selected to slightly overfill the 500 nL sample loop 
volume to increase injection volume precision.130 Stable basal 5-HT concentrations were 
observed for at least twenty minutes prior to carrying out an experiment such as K+ stimulation. 
Potassium stimulations of three or ten minutes were conducted with either 70 mM K+ or 120 mM 
K+. The selective serotonin reuptake inhibitor fluoxetine was introduced by perfusion with 10 
µM fluoxetine dissolved in aCSF.  
Peak area was used for concentration calibration. To integrate the areas under the 5-HT 
peaks, a standard Savitzky-Golay, second derivative, quadratic smooth was employed, using an 
81 point window.131,132 Prior to determining the integration limits, an approximate window 
defined to contain the eluted peak was identified. The start integration point and the stop 
integration point were manually determined.  A linear baseline between the start and stop points 
was created and the integration routine was programmed in the MATLAB environment 
(Mathworks, Natick, MA).  
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4.3 RESULTS AND DISCUSSION 
4.3.1 Valve selection and stimulus introduction 
For continuous sampling/analysis, two-position, electronically actuated valves with dual sample 
loops are employed. Each of the valve positions dictates which loop is in the “load” position 
while the other is in the “inject” position. Our initial online experiments had a ten-port injection 
valve. However, the ten-port valve was found to be less desirable than an eight-port injection 
valve. The ten-port valve has an extra length of tubing, a so-called jumper loop (Figure 19). 
During the injection process, the jumper loop’s contents, mobile phase, follow the contents of the 
sample loop in the “A” position. However, the jumper loop’s contents precede, and thus mix 
with the leading edge of, injections from the “B” position. We speculate that the additional extra-
column bandspreading seen when injecting from the “B” position resulted from poor on-column 
focusing resulting from the higher eluting strength of the mixed sample/mobile phase as it enters 
the column while the leading edge of the samples injected from the “A” position were not mixed 
with mobile phase prior to entering the column. While peak areas are not significantly different, 
peak heights for 5-HT standards injected from the “A” and “B” positions were different (paired 
Student’s t, p < 0.05). The eight-port injection valve has an asymmetrical flow path but no 
jumper loop (Figure 18). Using the eight-port valve, peak heights for 5-HT standards injected 
from the A and B loops were not found to be statistically different (paired Student’s t, p > 0.05). 
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Figure 19. Flow path design for continuous analysis using a ten-port valve 
 
Initially, we set up the perfusion system with a pair of syringes in a syringe pump 
connected to a four-port switching valve to switch between syringes. However, we noted that 
three- and five-minute K+ stimulations in awake animals both gave increased 5-HT over a nine-
minute period. We speculate that two factors contribute to this. One is the large, 12.4 µL swept 
volume of the four-position switching valve. The other is the change in back pressure felt by the 
syringe that is switched into the flow stream. We replaced the two-syringe-pump arrangement 
with a single syringe followed by a low dead-volume (90 nL), six-port loop injection valve 
(Figure 18) with a loop made from tubing with a larger i.d. (150 µm) than the inlet and outlet 
tubing (75 µm i.d.). The loop is also shorter than the transport tubing. Recall that for constant 
flow rate, the change in pressure is proportional to the fourth power of the change in radius. Thus 
a factor of two change in radius corresponds to a factor of sixteen in pressure. In combination 
with the shorter length, we estimate that the backpressure with the loop inline is only 2% larger 
than with the loop out of the flow path.  Therefore, the microdialysis flow rate remains stable and 
the introduction of a chemical stimulus is reproducible. 
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4.3.2 In-house microdialysis probe characterization and system temporal resolution 
Initially, we used commercial microdialysis probes, but observed column pressure increases, and 
significant solute dispersion due to the relatively large outlet tubing (120 µm i.d.) in in vivo 
experiments. Dispersion during transport of the samples from the dialysis probe to the analysis 
system needs to be carefully controlled because it can be the limiting factor121,123,133 in the 
overall temporal resolution of online measurements as sampling and analysis speeds are 
improved. In general, use of smaller microdialysis probe internal volume, shorter, narrower i.d. 
outlet tubing with fewer connections and zero dead-volume connectors will help to minimize the 
concentration dispersion during transport of samples from the brain to the instrument. On the 
other hand, the microdialysis probe is prone to clogging for outlet tubing with internal diameters 
less than 25 µm. Also, the pressure stemming from narrow outlet tubing can have an impact on 
both the relative and absolute recoveries of the probe.134 Therefore, the outlet tubing i.d. and 
internal volume of the microdialysis probe itself should be carefully chosen. Figure 20 
demonstrates a rapid response to concentration changes using the in-house microdialysis probe 
with a 75 µm i.d., 70 cm long outlet tubing. Data were acquired at 30 seconds intervals using a 
200 nL sample loop at a microdialysis flow rate of 0.6 µL/min. Seven minutes after the change in 
5-HT concentration in the beaker the change was detected in the UHPLC system. Solute 
dispersion resulted chiefly from two factors, namely inside the hollow fiber probe itself and 
within the outlet tubing. Assuming that the concentration changes as an instantaneous step 
function from 0 to 0C  in the beaker, the normalized concentration 0CC  vs. time function when 
the step arrives at the UHPLC injector will be an error function,135 Eq. 33, as expected for 
Taylor-Aris dispersion.136 C  is the concentration at time t , ct  is the time at the inflection point 
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of the error function, and   is the concentration dispersion standard deviation in units of time. 
Because each injection has the number of moles of 5-HT in a particular 200 nL segment of the 
flow stream, each UHPLC peak’s magnitude is proportional to the area under a particular 
segment of the concentration-time function. The area ( A ) from the integration of the normalized 
concentration 0CC  profile for a certain time window ( 1t  to 2t ) in Eq. 34 represents the 
measured concentration for a single peak in the chromatogram. Using the solver function in 
Excel, the concentration dispersion standard deviation σ was found to be 11.6 s by fitting Eq. 34 
to the measured concentration distribution. This means that it took about 46.4s ( 2 to 2 ) for 
a concentration change to reach steady state (~ 2% to ~ 98% of maximum), well within the one 
minute temporal resolution of the system. 
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Figure 20. Solute dispersion of a concentration step by using an in-house microdialysis probe 
Concentration changes were measured at 30 s intervals 
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We also studied the solute dispersion in the outlet tubing and connections alone by 
creating a concentration step using a six-port loop injector injecting directly into the 75 µm i.d., 
70 cm long outlet capillary. Here we also explored attaining greater time resolution by observing 
multiple transients with different phase shift compared to a one-minute separation cycle time 
(Figure 21). Three consecutive concentration steps were created with 5 s, 25 s, and 45 s between 
5-HT injections and the UHPLC injection cycle (Figure 22). The concentration values in the 
transient region were dependent on the phase difference between the injection time and the 
UHPLC injection cycle. Combination of the three concentration step profiles gave a 
concentration step with 20 s resolution (Figure 23). This demonstrates how to increase the time 
resolution when the experiment involves the introduction of a change in concentration at a 
known time. These data (Figure 23) tell us about dispersion in the outlet tube alone. Using the 
solver function in Excel, the concentration dispersion standard deviation was found to be 7.6 s by 
fitting Eq. 34 to the measured concentration distribution. This was in reasonable agreement with 
a calculated value of the standard deviation from Taylor dispersion, 6.2 s, based on a diffusion 
coefficient112 for 5-HT of 5.4 x 10-10 m2s-1 in aqueous samples. If we make the assumption that 
the observed total solute dispersion has independent contributions from the hollow fiber probe 
and the capillary tubing, then the variances from each contribution will add to yield the total 
observed variance of 134.6 s2 (i.e., (11.6 s)2) We can thus deduce that the hollow fiber probe’s 
concentration dispersion standard deviation is 8.7 s. Note that these dispersion experiments used 
concentrations of 5-HT in the physiological range (~1.5 nM), important to get a realistic 
measurement. The response time can be concentration dependent when the solute adsorbs to 
sampling system components.  Use of a high concentration will lead to lower dispersion, and an 
overly optimistic picture.  
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Figure 21. Experimental set up for monitoring of concentration steps created by the stimulus introduction vavle 
 
 
 
 
Figure 22. 5-HT concentration profile for monitoring of concentration steps created by the six-point injector valve 
The time intervals between the 5-HT standard injection and UHPLC injection cycle are 5 s, 25 s and 45 s. Arrows 
indicate the 5-HT peak in the transient region 
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Figure 23. Combined concentration profile with 20 s resolution resulted from the three concentration steps in Figure 
22 
 
Switching to the in-house probe also solved the column clogging problem137 present with 
the commercial probes (30 kDa MWCO, 4 mm long poly(acrylonitrile). The problem of the 
sample clogging the column is more severe when using capillary columns because the sample is 
not significantly diluted upon injection. The in vitro recovery of 5-HT with these microdialysis 
probes was about 35% at a perfusion flow rate of 0.6 µL/min. In total, fourteen in-house probes 
were used for in vivo online experiments. Twelve out of the fourteen showed no column 
clogging. 
4.3.3 Online measurement of basal serotonin concentration in striatum  
Microdialysate contains electroactive components at concentrations greater than 5-HT. Many of 
them are anionic, eluting prior to 5-HT, e.g., 5-hydroxyindole-3-acetic acid (5-HIAA), 3,4-
dihydroxyphenylacetic aicd (DOPAC), and homovanillic acid (HVA) which are usually in the 
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200 nM to 5 µM range. However, one particular anionic compound, ascorbate, was the most 
bothersome during the initial chromatographic optimization experiments. For clarity, this 
discussion will refer to “ascorbate” and an “ascorbate peak” recognizing that in fact all of the 
anionic, electroactive components of the sample contribute to the low-retention-time signal. As 
seen in Figure 24 (dotted line), ascorbate is poorly retained. The concentration of ascorbate in the 
microdialysate is roughly 50 µM. The peak appears wide especially when observed with 
detection sensitivity sufficient to see 5-HT at about 105 lower concentration. The ascorbate peak 
tails with the result that the “baseline” for 5-HT is actually part of the tail of the ascorbate peak. 
This tail leads to signal drift in the region of 5-HT elution. This problem was not seen for offline 
analysis with commercial probes in our previous study100,126 (Figure 24 solid line) where 
ascorbate was apparently at a much lower concentration due to the reduction in observed peak 
tailing. We also found that the ascorbate concentration was in between these two extremes for 
online analysis with commercial probes (Figure 24 dashed line). We think this ascorbate tailing 
is particularly associated with using capillary columns in which mass capacity is low compared 
to conventional columns. Ascorbate is oxidized by O2 during sample transfer in the outlet tubing, 
and in offline collection and storage of the microdialysis sample. The oxidation rate depends on 
oxygen partial pressure, temperature,138 pH139 and oxygen permeability of the tubing wall 
materials.140 Offline microdialysis samples are usually acidified141 in the collection vial and 
stored frozen before analysis which decreases but cannot completely stop ascorbate 
oxidation/degradation. The Teflon tubing used by most commercial microdialysis probes is O2 
permeable, and the large surface area to volume ratio of the outlet tubing creates an ideal 
environment for ascorbate oxidation. In our current online experiment, the transfer from 
microdialysis to capillary UHPLC takes only about seven minutes and the outlet tubing is fused 
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silica which is not O2 permeable. As seen in Figure 25, the baseline is sloping and the 5-HT peak 
is not quantifiable with a column temperature of 60 °C. To solve this problem, 5-HT retention 
was increased by lowering the column temperature to 50 °C so it will elute at a later time (0.9 
minutes) where the contribution of ascorbate is not as significant. 
 
 
Figure 24. Ascorbate levels in microdialysis samples 
The large peaks starting from about 0.05 minutes include ascorbic acid, the most abundant oxidizable molecule in 
the chromatogram. Dotted line: online UHPLC analysis of microdialysis samples using an in-house microdialysis 
probe. Dashed line: online UHPLC analysis of microdialysis samples using a commercial microdialysis probe. Solid 
line: offline UHPLC analysis of microdialysis samples using a commercial microdialysis probe.  
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Figure 25. Chromatograms of microdialysis samples analyzed at 50 °C and 60 °C 
4.3.4 System stability 
Column performance deterioration and detection sensitivity loss with time is a concern for in 
vivo experiments. We did four injections of a 100 nM standard before and after 5.5 hours of 
continuous in vivo experiments. Table 9 shows that the 5-HT retention time, peak width, and 
column plate number were reproducible. There was no significant change in the peak area when 
comparing standard injections before and after the in vivo experiments (Student’s t test, p > 0.05, 
Table 10). 
 
Table 9. Column performance evaluation before and after in vivo measurements 
 Retention (time/s) Fwh (m/s) Plate number 
Before 52.0 ± 0.3 2.2 3089 ± 37 
After 51.8 ± 0.1 2.2 3071 ± 15 
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Table 10. Comparison of peak area before and after the in vivo experiments 
 Mean SD N t t0.95 (df = 6) 
Abefore 1.26 x 10
5 1 x 103 4 0.915 1.943 
Aafter 1.26 x 10
5 9 x 102 4   
 
4.3.5 In vivo monitoring and serotonin dynamics in response to a stimulus   
Concentrations were determined using external calibration without correction for the probe 
recovery. A linear calibration curve was created using peak area vs 5-HT standard concentration 
from 0 to 100 nM (r2 = 0.998). The detection limit for 5-HT was 0.16 nM (signal three times 
greater than rms noise). Figure 26 is part of a series of chromatograms showing 5-HT 
concentration changes caused by a three-minute 120 mM K+ stimulation. The basal 5-HT 
concentration measured for this rat was 0.64 ± 0.04 nM (standard error based on eight samples). 
Introduction of 120 mM K+ induces 5-HT release into the extracellular space resulting in the 
microdialysate concentration increasing to 29.2 nM.  
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Figure 26. Typical chromatogram of continuous 5-HT measurements 
Arrows indicate the 5-HT peak. The rat was under three-minute high K+ stimulation which resulted in 5-HT release. 
 
Figure 27 shows a typical run of nearly six hours. Each data point represents a single 
chromatogram. The figure shows several 5-HT transients caused by K+ stimulation. Typically, 
the increase in the 5-HT concentration was about four times higher for three-minute 120 mM K+ 
stimuli than for a three-minute 70 mM K+ stimulus. We will return to the ten-minute 120 mM K+ 
below. To confirm that we are measuring 5-HT, we infused an SSRI, fluoxetine and observed 
increased 5-HT concentration79 (Figure 28). Infusion of fluoxetine also increased transient 5-HT 
concentration from high potassium stimulation (Figure 29), and decreased extraction efficiency 
of infused 5-HT (Figure 30).   
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Figure 27. Typical online in vivo 5-HT measurement of one rat 
Three-minute 70 mM K+, three-minute and ten-minute 120 mM K+ stimulations were carried out. Perfusion of aCSF 
containing 10 µM fluoxetine started at 06:05 PM. 6 µL 100 nM 5-HT standard was introduced to the perfusate by 
the six-port injector valve at 07:43 PM. A typical chromatogram for basal 5-HT is shown in the up right corner.  
 
 
Figure 28. 5-HT increase in dialysate after infusion of 10 µM fluoxetine 
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Figure 29. The effect of fluoxetine on 5-HT release resulted from K+ stimulation 
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Figure 30. Concentration at the outlet of the probe from infused 5-HT 
 
 
Figure 31 shows a portion of a set of data (full 16.7 h trace is Figure 32). We noticed that 
the 120 mM K+, ten minute stimulation led to transient changes in the 5-HT concentration during 
5-HT release. These, to our knowledge, have not been observed before. We controlled the time 
between stimulation and the UHPLC injection cycle to 5 seconds for all K+ stimulations. 
Because of this, samples were acquired with a consistent time relationship to the onset of the 
stimulus. When we overlaid the four responses from the high potassium, ten minute stimulations 
seen in Figure 31, we found that the 5-HT oscillations were quite reproducible for repeated 
stimulations (Figure 33). The reproducibility coupled with the absence of similar fluctuations for 
three-minute infusions of K+, and for ten-minute 5-HT infusions suggests that these observations 
represent real changes in extracellular 5-HT rather than an experimental artifact.  We further 
extended the stimulation time to 20 minutes and confirmed the periodical reoccurrence of local 
5-HT release maxima (Figure 34). 
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Figure 31. Online in vivo 5-HT measurements with attempted i.p. injection and repeated ten-minute 120 mM K+ 
stimulation 
 
 
Figure 32. In vivo monitoring of 5-HT up to 16 hours and forty minutes 
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Figure 33. Comparison of the 5-HT release in response to four ten-minute 120 mM K+ stimulations 
One of the 5-HT release profile (triangle) missed a data point because the UHPLC system stopped to refill the 
reservoir so there was no analysis for that sample. The data before and after that missing data are emphasized by 
enlarged triangles. Curves are cubic splines 
 
Figure 34. Monitoring of 5-HT concentration during 20 minute 120 mM K+ stimulation 
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We made an interesting, if accidental, observation. None of the rats used in the 
experiments were accustomed to handling, thus it was not unusual to notice some unwillingness 
on the part of a particular animal during the handling required to make an intraperitoneal (i.p.) 
injection. We noticed considerable animal-to-animal variability in the signs of stress during 
handling. The 5-HT vs. time trace showed a transient elevation of 5-HT concentration correlated 
with the handling of one animal. Fortuitously, another animal undergoing the same handling 
appeared relaxed and exhibited no signs of stress, and there was no 5-HT elevation observed. A 
third animal exhibited less stress than the first animal, and this animal’s 5-HT also spiked 
transiently as shown in Figure 32.  We do not attempt to draw biological conclusions from these 
observations. The point is that the rapid response time of the system reveals such correlations. 
These observations are similar to those of Yang et al. who recently pointed out the value of six 
minute, on-line sampling by observing transients from i.p. injections of saline which could not be 
observed for longer sampling times.128 
4.4 CONCLUSIONS 
The potential for higher time resolution over long times in awake animals has been in existence 
for some time. We have realized this potential based on prior work on optimizing 
chromatographic conditions.100,126  Of course, speeding up the chromatography is necessary but 
not sufficient to establish a useful method. All components of the system must be compatible 
with the higher time resolution and the smaller column volume. As discussed by Yang et al.,128 
the higher time resolution may make possible the investigation of some aspects of 5-HT 
dynamics and also changes in 5-HT during behavior.  
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5.0  IN VIVO MONITORING OF DOPAMINE IN THE STRIATUM OF FREELY-
MOVING RATS WITH ONE MINUTE TEMPORAL RESOLUTION AND ITS 
APPLICATIONS 
We developed an online microdialysis/LC system to carry out in vivo monitoring of dopamine in 
the extracellular space of the striatum of freely-moving rats. Dopamine basal levels and dynamic 
changes were measured with a one-minute time resolution. Spreading depression, caused by K+, 
which occurs in the space of minutes, was the process of choice for the study of dopamine 
dynamics here using our system. Periodic dopamine fluctuations, with a time interval of 5 
minutes, were observed following stimulation with 120 mM K+. Stimulation using lower 
concentrations of K+ was also carried out. The peak concentration of dopamine release was 
exponentially proportional to the K+ concentration, which was in the range of 20 to 100 mM. Our 
online system proved useful in sharing key data during the monitoring of a biological event/brain 
injury phenomenon (spreading depression process). 
5.1 INTRODUCTION 
The dopaminergic system is widely investigated using a variety of methods, including 
electrophysiology,142,143 voltammetry12,144-146 and dialysis147,148. Electrophysiology records the 
electric activity of neurons, and is widely used to study dopamine neurotransmission and 
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associated behaviors in response to external stimuli. Voltammetry and dialysis gather 
information about the extracellular dopamine levels, thereby giving insight into mechanisms of 
dopamine release, reuptake, and the regulation of dopamine neurotransmission and associated 
behaviors.  
Microdialysis sampling coupled with HPLC is commonly used in the study of the 
dopaminergic system; namely, the regulation of neurotransmission pathways, effects of drug 
intake and interactions between different neurotransmitter systems. However, typical temporal 
resolution of microdialysis sampling coupled with HPLC is 10-20 minutes. It is difficult to make 
any semi-quantitative/quantitative conclusions as the dynamic changes in extracellular dopamine 
concentrations are greatly diluted, and thus lost, in most of the microdialysis sample collected – 
microdialysate containing the basal dopamine levels. Newton and Justice27 previously conducted 
one-minute sampling (1 µL microdialysate), using microdialysis followed with microbore 
column separation. They measured dopamine dynamics in response to cocaine administration by 
retrodialysis. However, the overall throughput was limited by the time-consuming separation 
process.  In another study, where temporal resolution was improved (one minute), Young149 
successfully demonstrated changes in extracellular dopamine concentrations of different 
magnitudes in response to conditioned aversive stimuli.  
Compared to offline analysis, online microdialysis/HPLC is less common, yet is 
preferable to the former in several aspects: it provides continuous, near real-time measurement 
and instant results (effectively guiding further experiments); it avoids the need of handing small 
volumes of microdialysate samples; and it avoids the issue of potential degradation and 
contamination. Cheng et al.150 measured dopamine efflux induced by appetitive classical 
conditioning, using online microdialysis at a rate of 7.5 min/per sample. Online microdialysis for 
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dopamine was then shown to have better temporal resolution when coupled with capillary 
electrophoresis. Parrot et al.151 investigated the interaction between excitatory amino acids and 
dopamine in anaesthetized rats using microdialysis/CE with a one-minute temporal resolution. 
Shou et al.32 monitored dopamine levels with a one-minute temporal resolution in the striatum of 
free-moving rats and correlated dopamine changes with drug-induced behaviors. Although 
employment of CE for such studies was found to provide better temporal resolution, the HPLC 
system is significantly more reliable and reproducible, for which reasons it was used here. Our 
group developed an online microdialysis/capillary HPLC system for the purpose of studing the 
serotoninergic system.100,126,152 By using elevated temperature and ultrahigh column pressure, we 
accelerated the separation speed and achieved one minute measurements of serotonin. Further 
optimization allowed online monitoring of serotonin in the striatum of freely-moving rats. 
Taking advantage of the one minute temporal resolution, dynamic details of serotonin levels 
under spreading depression were then revealed.  
Here we applied this analytical system to the study of the dopaminergic system. Basal 
dopamine levels, as well changes in dopamine concentration during activity, are shown to be 
much higher than those of serotonin in the extracellular space of the striatum. Using dopamine as 
a monitoring molecule, we systemically studied brain processes and neuronal depolarization 
induced by K+.  
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5.2 EXPERIMENTAL SECTION 
5.2.1 Chemicals and materials 
Chemicals and sources were: disodium EDTA, Fisher Scientific (Fair Lawn, NJ); ethanol, 
Pharmco-AAPER (Shelbyville, KY); sodium acetate and glacial acetic acid, J. T. Baker 
(Phillipsburg, NJ); acetonitrile, 2-propanol, l-ascorbic acid, dopamine hydrochloride, quinpirole 
dihydrochloride, and sodium 1-octanesulfonate (SOS), Sigma (St. Louis, MO). All chemicals 
were used without any further purification. Ultrapure water was obtained from a Millipore Milli-
Q Synthesis A10 system (Bedford, MA). Fused silica capillaries were obtained from Polymicro 
Technologies (Phoenix, AZ).  
5.2.2 Chromatography  
The chromatographic system consisted of a UHPLC pump (Model nanoLC-Ultra 1D, Eksigent, 
Dublin, CA) with a maximum pressure limit of 700 bar, a Valco eight-port injection valve 
(Valco Instruments, Houston, TX), two heating assemblies for the capillary column and the 
injection valve. A lab-made capillary column packed with 1.7 μm BEH C 18 reversed-phase 
particles (Waters, Milford, MA). The column dimensions were as follows: 150 µm inner 
diameter (i.d.), 360 μm outer diameter (o.d.), and 3 cm length. The detection was carried out 
using a BASi electrochemical detection flow cell (West Lafayette, IN) composed of a radial-style 
thin-layer auxiliary electrode, a 13 µm Teflon gasket and a 3 mm diameter glassy carbon 
working electrode. Analytes were detected at 700 mV vs Ag/AgCl reference electrode. The flow 
cell was connected to the column with a 10-cm-long, 25-µm-i.d. capillary tubing. Potential and 
 93 
instrument control, and data acquisition, were carried out using a BASi Epsilon potentiostat 
(West Lafayette, IN) and a PeakSimple Chromatographic Data System (SRI Instruments, 
Torrance, CA). 
The chromatographic separations were performed at 35 °C, with a mobile phase flow rate 
of 8 µL/min, unless stated otherwise. For each analysis, the sample volume was 500 nL, which 
was defined by the total volume of the capillary sample loop. The mobile phase was aqueous 
buffer:acetonitrile in a 96:4 (v/v). The aqueous buffer contained 100 mM sodium acetate, 0.15 
mM disodium EDTA, 10.0 mM SOS and glacial acetic acid (buffered to pH 4.0). The mobile 
phase was filtered prior to use, using a 0.22 μm Nylon filter (Osmonics, Minnetonka, MN).  
5.2.3 Microdialysis probe fabrication 
Microdialysis probes129 were prepared using a Spectra-Por RC hollow fiber dialysis membrane 
(4 mm long; 200-m i.d., 216-m o.d.; molecular weight cut-off (MWCO) of 13 kDa; Spectrum 
Laboratories Inc., Rancho Dominguez, CA) and fused-silica inlet/outlet tubing (70 cm long; 75 
µm i.d., 150 μm o.d.) sealed in a 3.5-cm stainless steel hypodermic tubing body 
(B000FMWJWK, Small Parts, Logansport, IN) with 2 Ton epoxy (ITW Devcon, Danvers, MA). 
The hollow fiber membrane arrived filled with a water-insoluble ester, isopropyl myristate, to 
prevent membrane deformation. Probes were activated by flushing with 1.0 mL ethanol to 
remove the long chain ester, prior to experimentation. The alcohol was removed by rinsing 
probes with artificial cerebrospinal fluid (aCSF) containing 144 mM NaCl, 2.7 mM KCl, 1.2 mM 
CaCl2, 1.0 mM MgCl2, and 2 mM NaH2PO4, at pH 7.4). 
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5.2.4 Surgical procedure 
All procedures involving animals were carried out with the approval of the Institutional Animal 
Care and Use Committee of the University of Pittsburgh.  Male Sprague-Dawley rats (250-375 g, 
Hilltop, Scottsdale, PA) were anesthetized with isoflurane (0.5% by volume, Baxter Healthcare, 
Deerfield, IL). A homoeothermic blanket (EKEG Electronics; Vancouver, BC, Canada) kept the 
rats’ body temperature at 37 oC. A stereotaxic frame (David Kopf Instruments; Tujunga, CA) 
was used for all surgeries. (over the striatum.  A guide cannula MD-2251, Bioanalytical Systems 
Inc.; West Lafayette, IN) was implanted into the striatum (1.2 mm anterior of bregma, 2.5 mm 
lateral of bregma) and lowered to 1 mm beneath the surface of the brain. Jeweler’s screws with 
dental cement were used to hold the cannula in place. Rats recovered for a minimum of three 
days, following which a second procedure was performed to implant the microdialysis probe. 
Rats were anesthetized with isoflurane and microdialysis probes were slowly lowered vertically, 
over thirty minutes, into the striatum (7.0 mm below dura) and secured to the guide cannula with 
epoxy cement. Once the probe was implanted, anesthesia was removed and rats were placed in a 
Raturn chamber (Bioanalytical Systems, West Lafayette, IN) for the duration of the experiment. 
5.2.5 In vivo online microdialysis coupled with capillary UHPLC-EC system 
Figure 18 shows a diagram for the in vivo online microdialysis-UHPLC-EC system. A PicoPlus 
syringe pump (Harvard Apparatus, Holliston, MA) with a 1.0 mL gas-tight syringe delivered the 
microdialysis perfusion fluid aCSF. A two-position “stimulus” loop injector was placed between 
the syringe and dialysis probe for the introduction of another solution. To minimize Taylor-Aris 
dispersion and other sources of dispersion, 75 m i.d. capillary tubing (10 cm) connected the 
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stimulus valve to the microdialysis inlet capillary (70 cm), which was, in turn, connected to the 
dialysis tubing, the outlet capillary (70 cm), a connector capillary (10 cm) and the HPLC 
injection valve. All connections were made using MicroTight Unions (IDEX Health & Science, 
Oak Harbor, WA). 
Probe implantation was carried out early in the morning, with online experiments 
initiated in the afternoon of the same day. Probes were perfused with aCSF at 0.6 µL/min for at 
least 2 hours after implantation prior to connection to the online chromatographic system. 
Standards (100 nM DA) were analyzed both before and after the online experiments, for the 
purpose of calibration. The sampling volume was 600 nL – selected to slightly overfill the 500 
nL sample loop volume, in order to increase injection volume precision. Stable basal dopamine 
concentrations were observed for at least twenty minutes prior to carrying out an experiment 
such as K+ stimulation. Following this, twenty minute stimulations with 20 mM, 50 mM, 70 mM, 
100 mM and 120 mM K+ were conducted. The dopamine D2/D3 receptor agonist quinpirole was 
then introduced by perfusion (10 µM in aCSF).  
Peak area was used for concentration calibration. Tointegrate the areas under the 
dopamine peaks, a standard Savitzky-Golay, second derivative, quadratic smooth was employed, 
using an 81 point window.131,132 Prior to determining the integration limits, an approximate 
window defined to contain the eluted peak was identified. The start and stop integration points 
were manually determined.  A linear baseline between the start and stop points was created and 
the integration routine was programmed using MATLAB environment (Mathworks, Natick, 
MA).  
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5.3 RESULTS AND DISCUSSION 
5.3.1 Separation conditions for online dopamine determination 
Dopamine and serotonin coexist in the extracellular space of the striatum in rat brain. Compared 
to serotonin, dopamine is less hydrophobic due to a smaller aromatic ring and, therefore, exhibits 
notably smaller retention in ion-pair reverse phase HPLC. Dopamine was poorly retained using 
the original separation condition for serotonin and the basal level dopamine in microdialysate 
was beyond the detection limit. Therefore, we had to re-optimize the separation condition, in 
order to achieve proper retention and good detection limit for dopamine. In order to avoid the 
sloping baseline caused by the additional presence of a high concentration of ascorbate, we 
increased the retention time of dopamine to about 0.9 minutes (Figure 35), by adjusting the 
column temperature to 35 °C and mobile phase flow rate to 8 µL/min. The lower column 
temperature also helped with the dopamine on-column focusing process and improved the 
dopamine detection limit.  
5.3.2 In vivo dopamine monitoring and dopamine dynamics in response to a stimulus  
External calibration was done using 100 nM dopamine standards. The dopamine concentration in 
the probe was used directly, without probe recovery correction. Figure 35 shows a typical 
chromatogram for online measurement of basal dopamine concentrations in microdialysates 
collected from the striatum of freely-moving rats. Confirmation of dopamine peaks was done by 
perfusing with 10 µM quinpirole (section 5.2.5), which lead to decreased dopamine levels in the 
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extracellular space. Following this perfusion, a total loss of dopamine peaks was observed 
(Figure 35).  
 
Figure 35. Confirmation of dopamine peak in the microdialysates 
Chromatograms (a) and their local image (b) of a standard 100 nM DA sample (1); a baseline microdialysate sample 
(2); a baseline microdialysate sample after perfusing with 10 µM quinpirole (3); aCSF (4). Column: 150-μ-i.d., 3.0-
cm-length capillary column packed with BEH C 18 particles. Mobile phase: 100 mM sodium acetate, 0.15 mM 
disodium EDTA, 10.0 mM SOS, pH=4.0, mixed with 4% (v/v) acetonitrile. Flow rate: 8.0 μL/min. Column 
temperature: 35 °C. Injection volume: 500 nL. Electrochemical detection. 
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Spreading depression153 is a wave of near-complete sustained depolarization of neurons 
and astrocytes, which propagates over cortical and subcortical structures.  The occurrence of 
spreading depression is associated with massive ion/neurotransmitter efflux, enormous glucose 
consumption and increased cerebral blood flow, followed by oligemia. Spontaneous occurrences 
of spreading depression are clinically and experimentally observed in neurological disorders154 
and brain injury.155 Of interest to this study, spreading depression can be artificially induced in 
experimental settings by electric stimulation, needle prick and K+. Spreading depression is, most 
commonly, detected using electrophysiology and real-time imaging of blood flow. Rogers et 
al.121 monitored changes in extracellular glucose and K+ concentrations during spreading 
depression induced by needle prick, using microdialysis coupled with microfluidic sensors. With 
the help of a superior temporal resolution, it was revealed that the start of glucose consumption 
was synchronous with K+ recovery, instead of K+ release. Monitoring extracellular dopamine and 
serotonin allows investigation into, and understanding of, the response of the monoaminergic 
neurotransmission system under spreading depression. Compared to serotonin, dopamine occurs 
in significantly higher basal concentrations in the striatum and is more sensitive to stimuli, such 
as K+. Following perfusion with 20 mM K+, there was a detectable increase in extracellular 
dopamine; however, no statistically significant changes in serotonin were observed. This is likely 
to be due to the serotonin response being too small to reach the detection threshold.  
It was previously reported that perfusion of high K+ through microdialysis probes can 
induce recurrent waves of spreading depression.156 Therefore, we expected dramatic changes in 
extracellular dopamine levels, resulting from massive dopamine efflux, caused by near-complete 
sustained depolarization with each wave of spreading depression. Perfusion of aCSF, containing 
six different K+ concentrations, into the striatum area for twenty minutes elevated dopamine 
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levels in the microdialysates (Figure 36). At K+ concentrations of 100 and 120 nM, periodical 
dopamine fluctuations with regional concentration maxima were observed, which represented 
recurrent near-complete neuronal depolarization characteristic of a spreading depression wave. 
Comparing neuron depolarization induced by 100 and 120 nM K+, we found that the frequency 
of spreading depression waves positively correlated to K+ concentration: higher K+ 
concentrations induced higher frequency in spreading depression waves. On the other hand, 
relatively low K+ concentrations (<= 70 nM) were associated with observed spikes in 
extracellular dopamine concentration, followed by a gradual decrease back to basal dopamine. 
The observation of dopamine spikes indicated that K+ promotes dopamine release, as expected. 
After initial release, dopamine recovery by neurons accounted for the net dopamine change and 
reduction of extracellular dopamine levels. The data set for maximum dopamine release and K+ 
concentration is shown to fit well in exponential regression analysis (R2 = 0.9926; Table 11, 
Figure 37), before reaching the threshold of spreading depression.  
 
 
Figure 36. Online in vivo dopamine measurement under 20 minutes K+ administration 
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Table 11. Dopamine maximum release in response to stimulation with different concentrations of K+ 
K+ (mM) 3.5 20 50 70 100 120 
DA (nM) 0.5 3.0 18 155 2178 2014 
 
 
 
Figure 37. The relationship between maximum dopamine release and K+ (stimulus) concentration 
5.4 CONCLUSIONS 
Our online microdialysis/HPLC system proved to be a robust method of monitoring extracellular 
levels and changes in monoamine neurotransmitters, dopamine and serotonin. The improved 
temporal resolution was found to yield new information on dynamics of these molecules, namely 
rapid changes in extracellular dopamine and serotonin, which can be used for elucidation of the 
role of monoamine neurotransmitters in physiologically relevant dynamic processes. We also 
suggest that this fast micoridialysis/HPLC system can uncover novel information on 
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dopaminergic and serotonergic neurochemistry, which could be useful in studying emotion, 
behavior, complex disorders and new therapeutic strategies for neurological conditions.    
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